REMARKS 

According to the above amendments, claim 43 has been 
amended. Claims 43-67 remain in this application with claims 49 
and 57-67 presently withdrawn from further consideration as being 
drawn to a non-elected invention. Thus, claims 43-48 and 50-56 
are currently being examined. No claim has been allowed. 

Withdrawal of the previous rejection of claims 43-48 and 50- 
56 under 35 USC § 112, second paragraph, is gratefully 
acknowledged . 

New Claim Rejections - 35 USC § 112 

Clarity 

Claims 43-48 and 50-56 are newly rejected under 35 USC § 
112, second paragraph, as being indefinite for failing to 
particularly point out and distinctly claim the subject matter 
which applicant regards as the invention. This rejection has 
several facets. 

In a first rejection, the Examiner has objected to the 
amendment of "having a first cell binding activity" in a first 
cell binding activity in claim 43 (i). Accordingly, "in" has been 
amended back to having which should meet this rejection. 
Mechanism of incorporation of passenger peptide into viral 
particle 

In order to clean up some possible confusion with regard to 
claim wording indef initeness and clarity, some additional 
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information regarding the mechanism of incorporation of the 
passenger peptide into the viral particle is offered. This 
represents an important aspect of the invention and the 
explanation may be helpful. 

Thus, whereas the wording of claim 43 may, arguably, appear 
to suggest that the invention involves a defined active process 
of incorporation, in fact, the invention stems from an 
identification by the inventors that the passenger peptide is 
actually incorporated spontaneously into the viral particle when 
co-expressed. Claim 43 (ii) has been amended to better reflect 
that the incorporation process proceeds on its own. The protein 
that the inventors used (SCF) has a naturally-occurring membrane- 
bound form and this is automatically inserted into the packaging 
cell plasma membrane. Applicant submits that any similar protein 
would be processed in the same way. The co-expression of the mb- 
SCF and the viral particle leads to insertion of mb-SCF into the 
plasma membrane of the packaging cell, which is then incorporated 
into the expressed viral particles through budding of the viral 
particles from the packaging cell. 

Other passenger peptides may be made to act in the same way 
as mb-SCF. The inventors have successfully used the membrane 
anchor region of SCF to make a normally secreted protein, 
membrane bound. All membrane bound proteins carry a signal 
peptide at the N terminus that allows them to be inserted into 
the plasma membrane by the cellular protein processing machinery. 

9 



A signal peptide can be added artificially to any protein, if 
necessary. Applicant believes this to be well within the 
capabilities of a person skilled in the art. Thus, it follows 
that any passenger peptide with a membrane anchor will, when co- 
expressed with the viral particle, be spontaneously incorporated 
into the viral particle in the manner described by the present 
inventor ! s in the specification. 
Origin of Passenger Peptide 

In a second rejection under 3 5 USC § 112, second paragraph, 
directed to claim 43 (ii) , the Examiner has raised two issues. 
First, the Examiner has objected to the language in the previous 
amendment that reads, "and incorporates said passenger peptide 
binding moiety into said packaging into said packaging cell 
membrane". This is deemed unclear because, in the Examiner ! s 
view, one cannot be sure whether it is a result of the expression 
of the nucleic acid or whether it results from a different 
process . 

The Examiner also has rejected the claims based on the view 
that the language 11 incorporating said passenger peptide binding 
moiety into said packaging cell " in claim 43 (ii) necessitates 
that the passenger peptide is derived from the packaging cell. 
This is perceived as an inconsistency with the amendment that 
states that " said passenger peptide is other than one derived 
from the virus or the packaging cell" . The Examiner has 
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concluded that it is unclear where the passenger peptide 
originates. This rejection is respectfully traversed. 

There appears to be something of a misunderstanding of the 
claim regarding the above issues which may have been solved, at 
least in part, by the explanation in the descriptive material 
relating to the mechanism above which might be helpful in solving 
the inconsistency. 

In addition, it is also noteworthy that an important aspect 
of the invention lies in the method of altering the binding 
activity of a viral particle by displaying surface proteins of 
choice on the viral particle surface. The current invention 
demonstrates that a naturally occurring cellular surface protein, 
not normally present on the surface of the retroviral packaging 
cells can be incorporated into the surface of retroviral 
particles . 

The "passenger peptide" would normally be a protein not 
expressed by the fibroblast (HEL293 most commonly) used to 
package the retrovirus. This is incorporated into the cell by 
transfection using calcium phosphate or lipids (standard 
technology known in the art) . The inventor has made use of 
plasmid vectors that allow easy establishment of stable 
transf ectants (for lentiviral work transient transfection is 
used) . 

The specific surface protein of choice may differ according 
to the intended application of the modified viral particles. 
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This could be determined by the skilled person from an 
understanding of the teaching of the specification. A key 
advantage of the current invention is an ability to incorporate a 
molecule of choice into the surface of the viral particle. The 
skilled person would understand from the teaching of the 
specification that this molecule may be a naturally-occurring 
cellular surface protein, which is not a retroviral envelope or 
receptor. The origin of the passenger peptide would therefore 
depend on the cells to be targeted by the modified viral 
particles . 
Enablement 

The Examiner has maintained the previous rejection that 
claims 43-48 and 50-56 lack enablement commensurate with the 
claimed scope. The Examiner considers the specification to only 
be enabling for methods using mbSCF as passenger peptide and c- 
kit receptor expressing cells as target cells. 

It appears that the main thrust of the rejection relates to 
the Examiner's position that the incorporation of a passenger 
peptide into the viral particle using the methods of the current 
invention is inherently unpredictable. With the exception of the 
worked example in the specification (mbSCF) , the Examiner does 
not consider the method to be easily transferable for use with 
other peptides. 
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This rejection is respectfully traversed. Additional 
explanation and support for applicant's position are presented 
below. 

Incorporation of membrane proteins into viral particle 

Good evidence exists that the majority of proteins present 
on the cell surface become incorporated into retroviral 
particles. For example, see Hammarstedt et al . (2000) Minimal 
exclusion of plasma membrane proteins during retroviral envelope 
formation. PNAS USA. 97:7527-7532. also, Arthur et al (1992, 
Cellular proteins bound to immunodeficiency viruses: 
implications for pathogenesis and vaccines. Science 258: 1935- 
193 8) . These publications are attached as Exhibit A and Exhibit 
B, respectively. They have shown that retroviruses made in cells 
from different strains of mice are immunologically distinct and 
have surface proteins characteristic of the specific host cell. 
Therefore, it follows that the incorporation of membrane 
associated peptides into budding viruses is eminently 
predictable. The membrane associated proteins that are 
incorporated into the virus particle will thus depend on the 
membrane proteins associated with the particular packaging cell 
and those intentionally expressed in that cell. 

As we have previously stated, the present invention makes 
use of an envelope that cannot naturally bind to the target cells 
of interest. The experiments showed that after packaging with 
the passenger peptide, the viral particles only bound to target 
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cells that were expressing the specific cognate receptor of the 
passenger peptide. The Examiner has agreed that the viral 
particles of the examples exhibit the claimed properties. 
Applicant submits that the specification also supports and 
enables the position that the methods are transferable to other 
potential passenger peptides, as will be discussed. 

Many studies using chimeric envelope proteins have 
demonstrated that peptides displayed in this way retain binding 
activity, e.g. single chain antibody additions to viral envelope. 
The inventors do not modify the "passenger peptide" from its 
native form. There is no evidence to suggest that any natural 
membrane bound protein would lose its binding capacity when 
incorporated into the virus particle. The Examiner has not 
provided any evidence to suggest the view that other binding 
proteins would not retain their binding capacity when 
incorporated into the viral particle. The skilled person would 
understand and appreciate that such proteins would retain their 
binding capacity. 

The applicant has previously provided support showing that 
enveloped viruses behave in an almost identical manner when 
budding and therefore the mechanism of incorporation of proteins 
into the viral particle will be the same irrespective of the 
virus used. Thus, the behavior of other potential passenger 
peptides is believed to be sufficiently predictable. 
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As is well known, retroviruses can be pseudotyped with 
envelope proteins from many other enveloped virus types, e.g. 
VSV-G, SNV env, influenza haemagglutinin . Also, a retroviral 
envelope has been used with other virus types. Modifications to 
the vaccinia virus surface have also been made. In view of this, 
modification of viral particles with proteins from other viruses 
or with other membrane proteins is believed eminently achievable 
and the binding capacity of the resultant viral particles is 
predictable . 

Properties of membrane proteins to be incorporated into viral 
particle 

The Examiner has cited particular properties of the membrane 
proteins that would allegedly affect the predictability of the 
transferability of the methods to other proteins. These 
objections are all believed to have been addressed by the 
teaching of Hammarstedt et al (2000) which shows that virtually 
all plasma membrane proteins from the host cell are present in 
the retroviral particle. 

The only requirement for retroviral incorporation appears to 
be that the protein resides in membrane structures known as 
"lipid rafts" (Esser et al . (2001) Differential incorporation of 
CD45, CD80 (7—1), CDS6 (B7-2), and major histocompatibility 
complex class I and II molecules into human immunodeficiency 
virus type I virions and microvesicles : implications for viral 
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pathogenesis and immune regulation. J Virol. 75; 6173-6182) 
(attached as Exhibit C) . 

Other concerns raised by the Examiner are addressed next in 
turn. The properties of the proteins in question are not believed 
to be particularly relevant and these properties would not affect 
their incorporation into the viral particle. 

The Examiner has suggested that there may be a size 
limitation for incorporation of the membrane protein into the 
viral particle. There are no limits to the size of the protein 
that may be incorporated; the protein must simply reside in the 
cell membrane. Such proteins may be easily identified by the 
skilled person. 

Other properties of the passenger peptide, such as charge, 
folding, post-translational modification, hydrophobicity, etc. 
would also have no relevance in terms of its incorporation into 
the viral particle membrane. The passenger peptide is expressed 
by the packaging cells and incorporated into the plasma membrane 
independent of the viral particle genome. The passenger peptide 
is then incorporated into the budding viral particle in a highly 
predictable manner irrespective of its properties. 
Binding properties of membrane proteins 

As demonstrated in applicant's mbSCF example, and previously 
indicated interactions between the passenger peptide binding 
moiety and other receptors or unintended proteins do not affect 
the claimed altered tropism. As discussed above, the inventor 
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does not modify the properties of the passenger peptide therefore 
its specific binding properties will be maintained. This is 
demonstrated in the examples by the failure to bind to c-kit 
negative cells. This is equally true of retroviruses with 
heavily engineered chimeric envelopes. Further, antibodies 
expressed on the surface of bacteriophages retain their specific 
binding capabilities. If the surface proteins are not modified 
there is no reason for them to lose their binding properties. 
The Examiner also has suggested that the growth conditions in 
which the viral particles are manufactured may affect the binding 
properties of the viral particles. No evidence is presented to 
support this statement. Retroviral particles are manufactured 
under normal physiological conditions of pH, temperature, ionic 
strength etc. These are clearly well known and also the 
conditions under which the viral particles would be used. Thus, 
this suggestion cannot properly be maintained. 

The Examiner also suggests that interactions between the 
viral particles and target cells (or otherwise) that are 
independent of the specific passenger peptide/cognate receptor 
interactions may affect the viral particle tropism. The 
infectious titre of ecotropic virus on human cells is 
phenomenally low. This is generally below the limits of 
detection of most assays and has been well established in the art 
for about 30 years, Scholz et al (1996) Nucl . Acid Res 24 P979- 
980 (Exhibit D) . Again, the Examiner has provided no evidence to 
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support this conclusion. Indeed, Chandreshekran et al (2004) 
cited by the Examiner, shows that transduction is directly- 
dependent on the level of c-kit expression. Thus there was no 
non-specific binding with mb-SCF or through any mb-SCF 
independent mechanisms. Applicant submits that the same would be 
true with any other specific membrane proteins selected as 
suitable passenger peptides. 
Immune and inflammatory responses 

The Examiner has also suggested that unwanted immune and 
inflammatory responses to the viral particles and passenger 
peptide may contribute to the alleged lack of predictability. 

Applicant has shown in previous remarks that many studies 
have been carried out using viruses of the virus families 
postulated and that these have not shown adverse immune responses 
to the viral particles and the passenger peptide would be 
selected by the skilled artisan specifically to minimize 
potential adverse immune responses. Any foreign protein has the 
potential to illicit an immune response, but any potential 
immunogenicity of the viral particles is believed not to be 
relevant to enablement or written description issues or relevant 
to the patentability of the current invention. 

It is noted, however, that the previously cited Cronin et al 
(2005) has again been cited as evidence that cell-derived 
components are concentrated on the surface of viral particles 
leading to potential immune responses. It will be appreciated 
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that the potential targeting peptides by their nature would be 
cellular products and should have low immunogenicity . Indeed, 
any potential immunogenicity may well be exploited for the 
production of vaccines and is therefore not necessarily 
undesirable. The material presented above in relation to the 
mechanism of incorporation of the passenger peptide into the 
budding viral particle will also address some immune response 
concerns . 

The Examiner considers that the immunogenicity of the virus 
will depend not only on the passenger peptide but on the 
expression levels of said peptide, the viral particle and on the 
packaging cell line used. This conclusion is not understood and 
is not considered a relevant factor. It seems clear that the 
outcome with any given passenger peptide would be considered by a 
person of skill to be predictable and the immunogenicity of the 
resulting particles would be low. 

The Examiner also has raised another immune response concern 
having to do with the nature of the passenger peptide's 
association with the viral particle (it is attached to the 
membrane rather than covalently linked to the viral envelope 
protein) . Because of this, it is speculated that it may 
dissociate from the viral particle and cause an unwanted immune 
response. The basis of this notion is unclear and no evidence is 
presented to support the allegation that the passenger peptide 
may spontaneously dissociate from the viral particle membrane. 
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The passenger peptide is necessarily a membrane associate protein 
(or else the invention would not work) . Such proteins do not 
simply "fall" out of membranes. Indeed, their hydrophobic nature 
would make them insoluble and exceedingly unlikely to dissociate 
from the membrane even in the event of the destruction of the 
viral particle. 

Viral envelope is not modified 

Further, the Examiner has cited Gritsun et al (1995) as 
evidence that the envelope proteins of viruses are variable and 
that this affects the antigenicity of viral particles. Also 
cited is Hayasaka et al (2004) , which demonstrates that mutations 
in the envelope protein can affect viral infectivity. These 
citations are intended to buttress the Examiner's position that 
the outcome with any given passenger peptide is not predictable. 

Both Gritsun and Hayasaka relate to flaviviruses and it is 
clear that flaviviruses are of little relevance to the current 
invention. Flaviviruses cannot be used as long term gene 
transfer vehicles because they are RNA viruses. Moreover these 
references are concerned with variability in the envelope 
proteins of these viruses affecting their properties. The 
current specification does not discuss envelopes (as the 
inventors do not modify them) other than to specify that the 
envelope used needs to be incapable of binding to the target 
cells. It would be clear to the skilled person that micro 
heterogeneity in the envelopes of these viruses is not relevant. 
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The current invention is concerned with co- expressing 
passenger peptides for incorporation into the budding viral 
particle. Discussion of mutations in viral envelope proteins 
appears entirely irrelevant. The passenger peptide would be 
selected by the skilled person for its binding capacity when 
associated with the plasma membrane. Applicant believes that 
there is absolutely no reason to consider that such selected 
passenger peptides would re-combine or mutate in vitro in the 
packaging cell. 

Further evidence to support applicants position that the 
current invention is transferable to other membrane proteins and 
targets may be found in Yang et al (2006) Targeting lentiviral 
vectors to specific cell types in vivo. PNAS USA 103(31): 11479— 
11484 (attached as Exhibit E) . The authors show that a strategy 
similar to that used in the current invention may. be used to 
target lentivirus particles to B cells using antiCD20 
incorporated on the surface of the viral particle. 

Rejections under 35 USC § 102 

The Examiner has maintained the previous rejection under 35 
USC § 102 (b) that the current application lacks novelty over 
Soong et al (2000) . This rejection is respectfully traversed. 

As previously noted, Soong et al did not teach the 
incorporation into the packaging cell membrane of a peptide that 
is foreign to the virus itself. Therefore the claim limitation 
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that the passenger peptide is not derived from the packaging cell 
or the virus should have overcome this objection. 

As mentioned above in relation to the origin of the 
passenger peptide, the Examiner has again expressed some 
confusion as to the precise meaning of the previous amendments. 
The Examiner has argued that due to the alleged inconsistency, in 
the language of claim 43 the passenger peptide may be considered 
to be any peptide. 

It is believed that the explanation previously presented 
with regard to the clarity of the claims also meets this 
rej ection. 

Additionally, Soong et al relates to altering viral tropism 
through modification of envelope proteins. The method in Soong 
could not target the SCF receptor (c-kit) as the viral envelope 
cannot bind c-kit. The Current invention uses a passenger 
peptide that is not derived from the viral particle and is not 
derived from the packaging cell. There is no teaching in Soong 
of the use of such proteins to target viral particles. 

Thus, Soong et al does not disclose all the claimed elements 
and limitations and cannot properly support a rejection under 35 
USC § 102 (b) . Accordingly, the Examiner is asked to reconsider 
and withdraw this rejection. 

Rejections under 35 USC § 103 

Claims 43, 48, 50 and 51 remain rejected under 35 USC § 
103(a) as being unpatentable over Soong et al, taken with 
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Dropulic et al (USPN 6,114,141), maintaining a previous 
rejection. This rejection is also respectfully traversed. 

The Examiner also maintains that the teaching of Soong et al 
provides virus particles with altered tropisms that can be used 
independently based on the characteristics of the intended target 
cells. Therefore, despite evidence presented to the contrary, 
the Examiner still considers that the products of in vitro 
evolution that are selected in Soong et al reads on the 
specifically designed products of the current invention. This is 
not the case as one cannot target a specific cellular receptor 
with, and direct the outcome of, the 'molecular breeding" 
process . 

With regard to the combination with Dropulic et al, the 
Examiner has re-iterated the previous objection. These mainly 
relate to specific embodiments of the current invention, such as 
the bioactive molecules that may be expressed and incorporated 
into the virus particle. 

For reasons of record, taken together with the above 
remarks, applicant believes that once the language of the claims 
is clearly understood, patentable differences are appreciated. 

As previously stated, with respect to this rejection, claim 
43 has been amended to specify that the passenger peptide is 
incorporated into the packaging cell membrane. Furthermore, as 
discussed above, Soong does not describe the passenger peptide as 
being heterologous. In addition, it is clear that Dropulic does 
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not describe the expression of such heterologous proteins so as 
to be incorporated into the viral particle via the envelope 
formed by building. 

Given the diversity, there is no reason or motivation to 
combine the teachings of these two documents as they do not 
compliment each other. Soong is directed specifically to 
evolution of viral genes — there is no indication that a skilled 
person may want to add new heterologous genes — hence there is no 
incentive to combine these two documents. 

Furthermore, the method of Soong is not readily adapted for 
dealing with different viruses or proteins. Soong requires a 
recombination process of evolution to be conducted each time a 
new final product is required. The current method allows 
different viruses to be replicated in the same packaging cell 
line in order to get different viruses with the same passenger 
peptide in the envelope. 

Additionally, it is of interest that the inventor has also 
advised us that the use of recombination in gene therapy vectors 
is not viable (''completely taboo" being his exact words) on the 
basis that you do not want your vectors recombining. He also 
informed us that gene therapy vectors specifically have 
recombining sequences removed from their genomes. 

Accordingly, there is no reason why the skilled person would 
adapt Soong to form a gene therapy vector. Reconsideration and 
withdrawal of this rejection is respectfully requested. 
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It is further noted that claims 43, 48, 52 and 53 have been 
newly rejected under 35 USC § 103(a) as being unpatentable over 
Soong et al taken with Guber et al (USPN 5,691,177) . This 
rejection is also respectfully traversed. 

In this regard, it is noted that Guber '177 is quite similar 
to Dropulic, the only difference being that the references 
disclose different cytotoxic agents. This being the case, 
applicant remains convinced that the remarks pertinent to the 
combination of Soong et al and Dropulic apply equally to the 
combination of Soong et al and Guber et al; and for these 
reasons, it is believed that the present claims patentably 
distinguish over the combination of Soong and Guber, as well. 

The rejection of claims 43 and 47 under 35 USC § 103(a) as 
being unpatentable over Soong et al, taken with Ya j ima et al 
(Retroviral vector targeting human cells via c-Kit-stem cell 
factor interaction. Hum Gene Ther. 9(6): 779-87, 1998) has also 
been maintained. This rejection is again respectfully traversed. 

Soong et al is believed to have been adequately 
distinguished, particularly in view of the explanatory remarks 
having to do with clarity of claim language and novelty. Yajima, 
as previously stated, does not describe enveloped viruses 
containing heterologous peptides derived from packaging cells at 
all, but describes a chimeric protein to a non-chimera and 
because of these differences, it is believed that one skilled in 
the art would not be led to combine these documents and, even if 
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they were combined, such a combination would not remove an 
inventive step from the present claims. 

In view of the above amendments, taken together with the 
explanatory remarks herein, the Examiner is respectfully 
requested to reconsider and withdraw the present rejections and 
it is further requested that the claims thereafter be allowed. 

Should minor issues remain which, in the opinion of the 
Examiner, could be resolved by telephone interview, the Examiner 
is invited to contact the undersigned attorney at his convenience 
to discuss and hopefully resolve same. 



Respectfully submitted, 



NIKOLAI Sc MERSEREAU, P. A. 




C. G. Mersereau 



Registration No. 26205 
900 Second Avenue So. 
Suite 820 



Minneapolis, MN 55402 
(612) 339-7461 
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The retrovirus forms its envelope by budding at the plasma 
membrane (PM). This process is primarily driven by its cytoplasmic 
core-precursor protein, Gag, as shown by the efficient formation of 
virus-like Gag particles in the absence of its envelope protein, Env. 
Most interestingly, several studies have demonstrated incorpora- 
tion of various PM proteins into retrovirus, but the underlying 
mechanism of this phenomenon has remained elusive. We have 
purified Moloney murine leukemia virus Gag particles by sedimen- 
tation in an iodixanol gradient and donor PMs by flotation in a 
sucrose gradient and compared their protein compositions at equal 
lipid basis. We found that most PM proteins are present at similar 
density in both membranes. The inclusion of PM proteins was 
unaffected by incorporation of Env protein into the envelope of 
the Gag particles and whether these were produced at high or low 
level in the cells. These findings indicate that most PM proteins 
become incorporated into the retrovirus envelope without signif- 
icant sorting. This feature of retrovirus assembly should be con- 
sidered when studying retrovirus functions and developing retro- 
virus vectors. 

According to a prevailing model, virus-specific membrane 
proteins are incorporated into the viral envelope by means 
of specific interactions with the viral core, whereas host mem- 
brane proteins, lacking possibilities to undergo such interactions, 
will be excluded (1). Although, experimental results support the 
validity of this model for some viruses— e.g., the alphaviruses 
(2)— it is not applicable to others— e.g., the retroviruses. In 
particular, several studies with HIV-1 suggest that many plasma 
membrane (PM) proteins of the host become incorporated into 
the viral envelope. These proteins include cell adhesion mole- 
cules such as CD44, LFA-1 ? and ICAM-1 and the antigen 
presenters HLA-I and II (reviewed in ref. 3). Similarly, studies 
with several different retroviruses show that they can be 
pseudotyped with envelope proteins of nonrelated viruses if the 
latter are expressed at the PM of the host cell (reviewed in refs. 
4 and 5). These phenomenon may be related to the fact that 
retrovirus budding is not, like that of alphavirus, dependent on 
core-envelope protein (Env) interactions but depend on inter- 
actions of core proteins alone (reviewed in ref. 5). Thus, 
expression of the gag gene— i.e., the gene encoding the internal 
core protein (the Gag precursor)— in the absence of other viral 
genes results in formation of retrovirus-Iike Gag particles (re- 
viewed in ref. 6). This Env-independent budding might favor host 
protein incorporation into the retrovirus envelope. However, the 
exact mechanism for the incorporation is still unclear. In par- 
ticular, it is not known whether only certain or most PM proteins 
are incorporated into the retrovirus envelope and whether that 
incorporation occurs passively. To characterize this process it is 
necessary to compare the densities of PM proteins in the donor 
PM of the host cell and in the envelope of the retrovirus. Here 
we present such a study with Moloney murine leukemia virus 
(Mo-MuLV) Gag particles. 

Materials and Methods 

Cell Culture. BHK-21 baby hamster kidney cells were grown as 
described (7). MOV-3 mouse fibroblast cells (NIH 3T3 cells 



transformed with wild-type Mo-MuLV genome) were obtained 
from G. Schmidt (GSF-National Research Center lor Environ- 
ment and Health, Neuherberg. Germany) and grown as NIH 3T3 
cells as described (8). 

Virus Vectors, and Infection. Semliki Forest virus (SFV) stocks 
were' produced in BHK-21 cells transfected with RNA tran- 
scribed in vitro from plasmid pSP6-SFV4 (9). The SFV vector 
RNAs were transcribed in vitro from plasmids: pSFV-C/Pr6:> g s , 
which contains a SFV capsid-Mo-MuLV gag fusion gene, pSFV- 
1/Pr65e a s, which contains the Mo-MuLV gag gene; pSFV-1/ 
Pr6 5ga g+ p r8 0e»v } wh j ch contains the Mo-MuLV gag and env 
eenes in two separate transcription units; and pSFV-C/NP, 
which contains a SFV cfl/«ttMnfluenza virus A/PR/8 nuclco- 
protein (NP) fusion gene (10, 11). Infectious SFV vectors were 
produced bv cotransfection of cells with vector RNA and helper 
1 RNA as' described (12). The titers of vector stocks were 
determined by indirect immunofluorescence using anti-Pr65* a s 
or -NP antibodies (7, 11). For infection, nearly confluent 
BHK-21 cells were incubated with SFV or SFV vectors (multi- 
plicity of infection = 5-10) for 1 h at 37°C as described (7). 

Metabolic Labeling. Labeling with p^S]methionine. Cells were 
seeded in phosphate-free Dulbecco's modified Eagle's medium 
supplemented with L-arginine, sodium cystine, D-glucose, L- 
Klutamine, /-inositol, L-leucine. and L-methionine, as recom- 
mended by the manufacturer (GIBCO/BRL/Life Technolo- 
gies), and further with 5% FCS, 20 mM Hepes, and 1/10 of the 
regular concentration of sodium phosphate (low-phosphate me- 
dium). After 24 h, the medium was changed to a similar one, but 
with only 1/10 of the regular concentration of L-methionine 
(low-phosphate, low-methionine medium) and supplemented 
with 100 /utCi/ml [ 35 S]methionine (Amersham; 1 />Ci = 37 kBq) 
(p 5 S]methionine labeling medium). The cells were labeled for 
15 h and then infected with SFV or SFV vectors. After infection, 
labeling was continued for 3.5 or 5.5 h in fresh [ 35 S]methionine 
labeling medium. Particles were collected for 30 or 60 min by 
incubation in new [ 35 S]methionine labeling medium, the last 15 
min in excess of unlabeled methionine (300 jig/ml).- 

Labeling with [ 32 P]orthophosphate. Cells were seeded in 
low-phosphate medium supplemented with 25 u.Ci/mI 
[ 3 -P]orthophosphate (Amersham). After 24 h, the medium was 
changed to low-phosphate, low-methionine medium supple- 
mented with 25 /xCi/ml [ 32 P]orthophosphate ([ 32 P]orthophos- 
phate labeling medium) and labeling was continued for 15 h. The 
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cells were infected with SFV vectors for 1 h. and the labeling was 
continued in fresh [ 32 P]orthophosphate labeling medium for 3.5 
or 5.5 h. Particles were collected for different periods in low- 
phosphate, low-methionine medium without further labeling. 

Labeling with PHJuridine. Cells were grown in low-phosphate 
medium for 40 h, infected with SFV-C/Pr65^ vectors for 1 h, 
and incubated in low-phosphate, low-mcthionine medium sup- 
plemented with 12.5 u.G/ml [ 3 H]uridine for 5 h. Finally, parti- 
cles were collected in low-phosphate, low-methionine medium 
containing 10 /iCi/ml pH]uridine for 1 h. 

Isolation of Gag Particles and SFV. Media from p-P]orthophos- 
phate- and [ 35 S]methionine-labeled cells, respectively, were 
mixed with medium containing unlabeled carrier Gag particles 
(approximately 3-5 /ig) and clarified by low-speed centrifuga- 
tion. The particles were isolated from the supernatant by either 
of two methods, (i) The medium was applied on top of 3 ml of 
10% (wt/wt) sucrose in 50 mM Tris-HCl, pH 7.4/100 mM 
NaCi/0.5 mM EDTA (TNE) in a Beckman SW41 tube, and 
particles were pelleted by centrifugation for 1.5 h at 35,000 rpm 
and 4°C (u) Medium was applied on top of a 5-20% (5-30% for 
SFV) iodixanol gradient (wt/vol) (Optiprep, Nycomed Pharma, 
Oslo) in a Beckman SW41 rotor, and particles were sedimented 
for 1.5 h at 36,000 rpm and 4°C. The fractions (700 /xl) were 
diluted 2-fold with TNE, and particles were pelleted by centrif- 
ugation in a Beckman JA18.1 rotor for 1.5 h at 17,000 rpm and 
4°C. Alternatively, particle-containing fractions were identified 
by scintillation counting, pooled, and diluted 5-fold with TNE, 
and particles were pelleted by centrifugation in a Beckman SW41 
rotor for 1.5 h at 35,000 rpm and 4°C. 

Electron Microscopy (EM). EM analyses of negatively stained (2% 
uranyl acetate) particles and of ultrathin sections of pelleted 
Pr65s a e-enriched PMs were done as described (7). Cryosections 
of MOV-3 cells and infected BHK-21 cells and subsequent 
labeling with biotinyiated concanavalin A (Con A)/mouse anti- 
biotin monoclonal antibody/rabbit anti-mouse IgG/10-nm pro- 
tein A-gold conjugate was performed as described (13). The 
biotinyiated Con A and the corresponding antibody were from 
Sigma. The number of gold particles labeling the PM and the 
viral membrane was systematically sampled. The length of the 
membrane profile was estimated by intersection counting (14). 
The formula used was Q/Id % where Q is the number of gold 
particles, / is the number of intersections, and d is the distance 
between the test lines (1.13 i±m). 

Other Methods. Homogenization of cells and isolation of Vr65& & - 
containing PMs by flotation in a sucrose step gradient was done 
as described (7). Peak fractions, identified by scintillation count- 
ing, were pooled, diluted in 10 mM Tris-HCL pH 7.4, and 
pelleted by centrifugation in a Beckman SW41 rotor for 1 h at 
35,000 rpm at 4°C. Chloroform/methanol extraction, protein 
analyses by 6-15% gradient SDS/PAGE, quantification of ra- 
dioactivity in protein bands, and Triton X-114 extraction of 
membrane proteins were done as described (7, 15, 16). 

Results 

Purification of Gag Particles. We used the SFV-C/Pr65^ vector 
for expression of the gag gene of Mo-MuLV. This is an efficient 
RNA vector that takes over most of the translational activity of 
the cell. Therefore, to follow host proteins during budding of 
Gag particles we labeled cells with [^methionine for 15 h 
before vector infection and continued labeling until particles 
were collected. This protocol ensured steady-state labeling of 
both host- and vector-specific proteins. Fig. 1 Top shows a 
protein analysis of all particles released from SFV-C/Pr65^ 8 - 
vector infected cells, separated in an iodixanol gradient. The 
most intensively labeled protein in the gradient is Pr65« a * Its 
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Fig. 1. Purification of Gag particles. (Top) Cells (4 x 10 6 ) were infected with 
SFV-C/Pr659*9 vectors and labeled with [ 3S S]methionine both before and after 
infection. Released particles in medium were collected between 5.5 and 6.0 h 
after infection and analyzed by sedimentation on a 5-20% Iodixanol gradient. 
Particles were recovered from each fraction by pelleting and analyzed by 
SDS/PAGE. Autoradiographies of the gels are shown. Major proteins are 
indicated. P. pellet in gradient. {Middle) Cells were infected with SFV. Labeling 
of cells and particle analysis were as described above. Note that the iodixanol 
gradient was in this case 5-30%. (Bottom) Cells were infected with SFV-C/NP 
vectors. Labeling of cells and analysis of medium were as described for fop. 

highest concentration is found in fraction 14. Of the total Pr65E a e, 
71% is found in fractions 13-15. Most interestingly, there are 
several additional proteins accumulating in the same fractions. 
The second-most-abundant protein in the gradient is a 46-kDa 
protein. It is seen almost across the entire gradient with a 
predominance in its upper and middle parts. Furthermore, there 
are abundant 63- to 52-kDa proteins, which are seen in the top 
fractions of the gradient. This analysis suggests that several 
different kinds of particles have been released from the cells. 
Fractions 13-15, with the bulk of Pr65e a s, seem to contain one 
major class of Gag particles. Fractions 8-10, where the ratio of 
the 46-kDa protein to Pr65& a * is increased, might contain another 
class of Gag particles. Finally, the particles in the top fractions 
with the 63- to 52-kDa proteins seem to represent host-derived 
material. This interpretation was supported by morphological 
analyses using EM. The total extracellular particle preparation 
showed many particles that were heterogenous in size (diameter 
40-370 nm) (Fig. 2 Left). In contrast, the particles in the pooled 
fractions 13-15 showed mostly spherical particles in the. size 
range of the Mo-MuLV virion (diameter 80-130 nm) (Fig. 2 
Right). These results suggest that the iodixanol gradient can be 
used for separation of retrovirus-like Gag particles from many 
other particles that are also released from the SFV-C/Pr65« a s- 
infected cells. 

Host-Specific Proteins Are Incorporated into Gag Particles. The ad- 
ditional proteins that cofractionated with the Pr65s a s in retro- 
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Fig. 2. EM analyses of released particles. Particles were produced as de- 
scribed in the legend to Fig. 1 . {Left) Particles recovered from medium by direct 
pelleting through a sucrose cushion. {Right) Particles from fractions 13-15 of 
the iodixanol gradient in Fig. 1. (Bar - 200 nm.) 

virus-like Gag particles could correspond to Pr65& ae -related 
oligomerization/degradation products, host-specific proteins of 
a contaminating particle population, or host-specific proteins 
incorporated into the Gag particles. The first possibility was 
tested in an experiment where we compared the protein profile 
of Gag particles produced in cells labeled with [ 35 S]methionine ; 
before and after vector infection, to that of particles obtained 
from cells labeled only before infection. In the former case both 
SFV-C/Pr65e a £-vector and host-specific proteins should be la- 
beled and in the latter case only host-specific ones. The results 
are shown in Fig. 3. The Pr65^ was a prominent band m 
particles isolated from cells labeled both before and after vector 
infection (lane 1), whereas it was absent from the particles 
isolated from cells labeled only before infection (lane 2). Two 
other bands were also missing from the latter particles, namely 
one 33-kDa and one 38-kDa protein. The 33-kDa protein fits the 
size of the SFV C protein which was also produced by the vector. 
The 38-kDa protein could be Pr65« a e-derived or, alternatively, a 
host protein induced by vector infection. We conclude that other 
proteins in the Gag particles are host-specific. 

The question whether the host proteins are constituents of a 
contaminating particle population or incorporated into the Gag 
particles was studied by analyzing particles released from cells 
that were infected with either wild-type SFV or another SFV 
vector, SFV-C/NP, which carries the NP gene of influenza virus 
A. The SFV particles are known to be virtually free from 
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host-specific proteins, and influenza NP protein (56 kDa) cannot 
bud when expressed alone, but accumulates in the cell nucleus 
n ID A sedimentation analysis of particles released from 
SFV-infected cells is shown in Fig. 1 Middle. The SFV particles, 
which contain the C protein, the almost emigrating spike 
subunits El and E2. and the small E3 protein as well as a small 
amount of the E2 and E3 precursor protein p62, peak in fractions 
11-13 It is evident that there are no host-specific proteins that 
follow the SFV particles in the gradient. A similar analysis of the 
medium of SFV-C/NP-infected cells shows complete absence of 
protein-containing particles in the lower part of the gradient. 
However both SFV- and SFV-C/NP-infected cells released 
slowlv migrating particles with protein profiles similar to the 
corresponding particles from SFV-C/Pr65«-infected cells. 
These results show that SFV or SFV-vector-infected cells do not 
produce particles that sediment like Gag (or SFV) particles. 
Consequently, the host proteins cofractionatmg with the Gag 
particles must be constituents of these rather than contaminating 
particles. 

Isolation of Donor PMs for Gag Particles. We have earlier described 
a microsome flotation procedure for isolation of a Prfo^s- 
enriched (sub)fraction of the PM, which might be used for 
Gag-particle formation (7). This possibility was confirmed by a 
morphological characterization of these membranes by EM. This 
technique showed vesicular structures, many of which contained 
budding profiles of Gag particles (Fig. 4). These budding profiles 
were easy to identify by their size (100-150 nm) and character- 
istic multilayered surface structure. 

Quantification of Phospholipids (PLs). We chose to measure surface 
areas of Gag-particle envelopes and PMs on the basis of their PL 
content. For this purpose the PLs of BHK-21 cells were steady- 
state labeled with p 2 P]orthophosphate ? and the cells were then 
used for production of 52 P-labeled Gag particles and isolation of 
32 P-labeled PMs. The preparations were solubilized in an excess 
of hot SDS, and labeled material was separated by SDS/PAGE 
P0%) Both PM and Gag-particle preparations (Fig. 5, lanes 1 
and 2) give one broad heavily labeled band in the separating gel, 
a faint band in the gel front, two or three very faint bands 
migrating slower than the broad band, and bands at the top of 
the separating and stacking gels. Control analysis using radio- 
actively labeled orthophosphate (lane 3), PLs (lane 4), and RNA 
(lanes 5 and 6) showed that the material in the front was free 
orthophosphate, the broad band was PLs in SDS micelles (18 
kDa) (17), and the material at the top of the separating and 



Fig. 3. Host-specific proteins cofractionate with Gag particles. Two cultures 
were infected with SFV-C/Pr659 a 9 vectors in parallel. One was labeled both 
before and after infection and the other one only before infection. The 
retrovirus-like Gag particles, collected 5.5-6.0 h after infection, were purified 
as described in the I egend of Fig. 1 and analyzed by SDS/PAGE. Vector-specific 
proteins are indicated. 
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Fig. 4. EM analysis of Pr659 a 9-enriched PMs. Cells were infected with 5FV- 
C/Pr659 a 9 vectors and homogenized, and microsomes were separated by 
flotation in a sucrose step gradient. The figure shows a section of Pr659 a 9- 
enriched PMs. (Bar = 200 nm.) 
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Fig. 5. Separation of Pis in PM microsomes and Gag particles by SD5/PAGE. 
Shown.are SDS/PAGE analyses of 32 P-labeled PMs (lane 1) and Gag particles 
(g-p) (lane 2) isolated 5.0-6.0 h after infection, ( 32 P]orthophosphate (Pi) (lane 
3), and 32 P-labeled PLs. extracted by chloroform/methanol from 32 P-labeled 
PMs (lane 4). Also shown are PM and Gag particles produced in [ 3 H]uridine- 
labeled cells (lanes 5 and 6). 



stacking gels was RNA. Any 32 P-labeled proteins were expected 
to migrate slower than the PLs and might correspond to the two 
or three very faint bands in the upper part of the separating gel. 
Thus, this simple procedure allowed accurate quantitation of PL 
content in PM and Gag-particle preparations. 

Sorting of PM Proteins During Budding of Gag Particles. The behavior 
of the PM proteins during budding of Gag particles was studied 
as follows: Gag particles were produced in two cultures under 
identical conditions. One was labeled with [ 35 S]methionine (both 
before and after infection with SFV-C/Pr65* a s vectors) for 
isolation of Gag particles and PMs with labeled proteins, and the 
other one with pPJorthophosphate for isolation of Gag particles 
and PMs with labeled PLs. The 32 P-labeled PM and Gag-particle 
preparations were subjected to SDS/PAGE for quantification of 
total PLs. and the values obtained were used to normalize the 
membrane contents of the 35 S-labeled PM and Gag-particle 
preparations to each other. The labeled proteins were then 
analyzed by SDS/PAGE. As we were concerned about the 
increased accumulation of Vt65^ that occurs with time in 
vector-infected cells, we performed all our experiments before 
6 h after infection— i.e., 6-8 h before appearance of visible 
cytopathic effects in vector-infected cells. Furthermore, we used 
two different collection times for particles: one between 3.5 and 
4.0 h after infection, when the Pr65*"* synthesis was still increas- 
ing in the cell, and another between 5.5 and 6.0 h after infection, 
when fuUgag gene expression had been achieved. Single, rather 
than double, labeling of cells with [ 32 P]orthophosphate and 
[ 35 S]methionine was used in these experiments because the 
intensively labeled PLs interfered with the weaker ?5 S label in the 
proteins. A drawback of the separate labeling protocol was that 
the membrane equalization became dependent on the repro- 
ducibility of yields of PMs and Gag particles in the parallel 
purifications. Separate tests showed that the variability of yields 
was within 10% for both preparations when these were isolated 
at the later time point and within 25% when prepared at the early 
time point. 

An examination of the protein profiles of Gag particles 
collected at the early time period and of particles collected at the 
later time showed that the protein compositions are virtually 
identical (Fig. 6, lanes 2 and 4). This result indicated that 
incorporation of host proteins into Gag particles was not signif- 
icantly influenced by the increased accumulation of Pr65^ in 
vector-infected cells. As steady-state labeling conditions were 
used in the experiment, it was possible to compare the amounts 
of host proteins in the particles to the amount of Pr65« ufi by 
measuring their 3S S radioactivities. Quantification showed that 
the radioactivity of the most intensively labeled host proteins 



hpi 3.5-4.0 5. 5-6,0 
i ii 1 

kD PM g-p PM g-p kD 
220-1 



97.4- 
66. 

46- 
30- 

21.5 
14.3 



5.5-6.0 



PM g-p 





1 



3 



Fig. 6. Sorting of host proteins during budding of Gag particles. 35 S-1abeled 
Gag particles (g-p) and PMs were adjusted to contain an equal amount of 
membranes and then analyzed by SDS/PAGE. Samples in lanes 1 and 2 are 
from a particle production between 3.5 and 4.0 h after infection and those in 
lanes 3 and 4 are from a production between 5. 5 and 6.0 h after infection. Host 
proteins in Gag particles are indicated. {Right) A shorter exposure of the gel 
analysis of the samples from the later collection period. 

each constituted 3-5% of the Pr65s a s radioactivity. As Pr65G*s 
contains only about 1/5 of the average frequency of methionine 
residues in proteins (18), this result suggests that they each 
constitute 0.6-1.0% of Pr65^ by mass. Most surprisingly, the 
protein composition of the PM preparations was found to be 
strikingly similar to that of the Gag particles (compare lanes 1 
and 2, and lanes 3 and 4). This finding suggested that the majority 
of the PM proteins were included in the Gag particles. A closer 
examination revealed that all proteins of the Gag particles were 
present in the PM and hence must be considered as PM proteins. 
The PM preparations contained, in addition, some proteins that 
were absent from Gag particles, or alternatively, present in very 
low amounts. Examples of such were the proteins migrating at 
the top of the gel, between the 186-kDa and the 148-kDa 
proteins, and also between the Pr65s a e and the 46-kDa protein. 
As samples in lanes 1 and 2 and in lanes 3 and 4, respectively, had 
been equalized on the basis of their PL content, we could roughly 
assess the sorting of individual PM proteins into the envelope of 
the Gag particle. At the later time point (lanes 3 and 4) the 
majority of the shared bands appeared with equal intensities in 
the two samples, suggesting no sorting but passive inclusion in a 
nondiluting and nonconcentrating manner into the budding 
particles. A few, most notably the 24-kDa protein, but also 
Pr65s ag (as expected) and the 67-kDa and 148-kDa proteins, 
were more concentrated in the Gag particle than in the PM, 
suggesting that these were actively sorted into the envelope of the 
Gag particle. Still other proteins, already mentioned above, were 
excluded from the envelope of the Gag particle. At the earlier 
time point (lanes 1 and 2) more proteins appeared to be 
concentrated in the Gag particle during budding. However, this 
was not a constant finding. In some experiments sorting condi- 
tions similar to those found at the later time point were observed. 
These differences were probably due to variation in the yields of 
35 S- and 32 P-labeled Gag particles. As already noted, the varia- 
tion was larger for particle preparations collected at the early 
time than for those collected at the later time. 

Most Host Proteins in Gag Particles Are Integral Membrane Proteins. 
To identify integral membrane proteins in Gag particles, we 
subjected particles to Triton X-114 extraction and subsequent 
phase separation. The result is shown in Fig. 7 Left. Except for 
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Fig. 7. Host proteins in Gag particle: Detergent binding and effect of Env 
coassembly. {Left) 35 5-labeled Gag particles were solubiiized with Triton 
X-1 14, and protein partitioning was followed during detergent and aqueous 
phase separation. Unsolubiiized material (lane'1) and solubiiized material in 
the aqueous (lane 2) and detergent (lane 3) phases were analyzed by SDS/ 
PAGE together with a sample of starting material (lane 4). Host proteins are 
indicated. (Right) Gag particles were produced in cells infected with SFV-1/ 
Pr659'9+Pr80 env and labeled both before and after infection (lane 3) or only 
after infection (lane 4). The particles were purified by sedimentation in an 
iodixanol gradient and analyzed by SDS/PAGE. Gag particles produced in cells 
infected with SFV-C/Pr659 a 9 (lane 1) and 5FV-1/Pr659»9 (| a ne 2), respectively, 
were analyzed as controls. 



a small amount of Pr65s a e (lane 1), all proteins of Gag particles 
were solubiiized by Triton X-114. The majority of the PM- 
derived proteins partitioned preferentially into the detergent 
phase and hence were considered to be integral membrane 
proteins (lane 3). This was also the case with Pr65« a e. A few 
proteins partitioned preferentially into the aqueous phase (e.g... 
the 129-, 46-, and 30-kDa proteins) (lane 2), and some proteins 
distributed approximately equally between the two phases (e.g., 
the 96- and 67-kDa proteins). In the presence of high salt (0.5 M 
NaCl) the Pr65s a * distributed equally between the detergent and 
aqueous phase, whereas the other proteins partitioned as before 
(data not shown). 

Incorporation of Env into Gag Particles Does Not Affect Host Protein 
Inclusion. To test the effect of Env on host protein inclusion into 
Gag particles we coexpressed the gag and env genes of Mo- 
MuLV by using an SFV-1 vector that carried separate transcrip- 
tion units for gag and env. As this SFV-1 /Pr65 safi + Pr80 cnv vector 
drives 8-fold lower gene expression than does the SFV-C vector, 
we collected particles for a longer time— i.e., for 1 h between 5 
and 6 h after infection (19). The SFV-1 vector was used, because 
high expression with the SFV-C vector caused most Pr80 cnv to 
form disulfide-linked aggregates (H. Andersson and H.G., un- 
published results). Fig. 7 Right, lane 4, shows the 35 S-labeled 
proteins of Gag particles from SFV-1/Pr65 gag +Pr80 env -infected 
cells, labeled only after infection. Under these conditions only 
the Mo-MuLV-specific Pr65e a * and the Env subunits gp70 and 
Prl5Ewere seen. Quantification indicated that there was about 
one Env complex per five Pr65* a s molecules. When particles were 
produced in cells labeled both before and after vector infection, 
several additional proteins were seen (lane 3). The pattern of this 
was very similar to those of the host proteins in particles 
produced in cells infected with the high-level ^-expression 
vector, SFV-C/Pr65£ a s (lane 1), and in particles produced in cells 
infected with a low-level gag-expression vector, SFV-1/Pr65* n s 
(lane 2). Note the 33-kDa protein in particles from SFV-C/ 
Pr65 fia - infected cells. This is most likely vector-specific SFV C 
protein. We conclude that host proteins are not significantly 
excluded from the Gag particle by the simultaneous incorpora- 
tion of the homologous Env. 



Table 1. Quantitation of Con A labeling of PM with budding 
structures 

Density, Au particles/>m 



Virus 



Viral 
membrane 



PM 



5.4 r 0.9 

8.5 r 0.8 
31 = 10.1 



3.3 - 0.4 
2.3 = 0.3 
3.8 - 1.2 



Mo-MuLV Gag particles 
Mo-MuLV wild type 

SFV 

BHK-21 cells infected with SFV-C/Pr659 a 9 MOV-3 cells, and BHK-21 cells 
infected with SFV were sectioned and labeled with Con A. and Con A was 
detected in EM using a combination of antibodies and protein A-gold conju- 
gate. The number of gold particles per boundary length of the viral membrane 
(column 2) and PM (column 3) was estimated (n - 3; ±SD). 

Cryo-lmmuno-EM. To extend our biochemical data to the ultra- 
structural level we used crvo-immuno-EM. BHK-21 cells in- 
fected with SFV or SFV-C/Pr65e a - C vectors and NTH 3T3 cells 
infected with wild-type Mo-MuLV (MOV-3 cells) were cut into 
ultrathin sections and labeled with Con A to detect glycopro- 
teins. The labeling density was then calculated in parts of the PM 
that were, or were not, involved in viral budding. This was done 
by quantitative estimation of the number of gold particles per 
boundary length (/Am). The results are presented in Table 1. The 
labeling density in budding-free regions of the PM is approxi- 
mately the same in all infected cells (Table 1, column 3). A very 
similar labeling density is also found in membranes of budding 
Gag particles, whereas it is somewhat increased in those of 
budding Mo-MuLV and much higher in those of budding SFV 
(Table 1, column 2). Fig. 8 shows representative EM pictures of 
a budding Gag particle (A), an apparently released wild-type 
Mo-MuLV (B), and a budding SFV (C). We conclude that these 
results are consistent with our biochemical finding that PM 
proteins in general are included in the Gag particle during 
budding. The clear increase in Con A binding to SFV buds is 
most likely due to the high concentration of viral spike proteins. 
The less significant increase of label in budding Mo-MuLV might 
be due to recruitment of the glycosylated Env complexes to the 
particle. 

Discussion 

Our results show that most PM-associated proteins become 
passively incorporated into the envelope of Mo-MuLV Gag 
particles during budding. Surprisingly, coassembly of Env into 
the particles did not reduce their content of PM proteins. 
Insufficient Env incorporation appeared to be a simple expla- 
nation, but our analyses showed that the particles contained 
about one Env complex per five Vr65^ molecules— i.e., about as 
much as previously reported for wild-type MuLV (20). Further- 
more, we have recently demonstrated that Env becomes about 
3-fold concentrated when sorted from the PM into the envelope 
of the Gag particle (M.H. and H.G., unpublished results). This 
finding suggests that passive incorporation of most PM proteins 




Fig. 8. Con A labeling of budding Gag particles. Ultrathin cryosections of 
cells infected with SFV-C/Pr659 a 9 vectors, wild-type Mo-MuLV, and SFV were 
labeled with Con A. and the Con A was detected in EM using a combination 
of antibodies and a protein A-gold (10 nm) conjugate. (A) Con A labeling of 
a budding Gag particle and the adjacent PM. (8) Labeling of wild-type Mo- 
MuLV (O Labeling of budding 5FV and adjacent PM. (Bar = 100 nm.) 
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could also occur during the formation of the wild-type Mo- 
MuLV. Unfortunately, this could not be studied directly because 
of the low production rate of wild-type particles in Mo-MuLV- 
infected cells. 

One might argue that the host protein incorporation into Gag 
particles is, at Feast in part, a consequence of the high gene 
expression obtained with the SFV-C/Pr65^ vector. However, 
we did not observe any significant effect on host protein 
incorporation when Gag particles were produced at early times 
after vector infection — i.e., when comparatively little Pr65 gy? had 
been produced in the cells, or when using SFV-l/Pr65B a f or 
SFV-1/Pr65 sat; +Pr80 cnv vectors, which produced S- and 12-fold 
less Pr65s a s, respectively, than the SFV-C/Pr65^-vector (19) 
(M.H. and H.G., unpublished results). Although, this still rep- 
resents about 10-fold higher ?r65^ production than in wild-type 
Mo-MuLV-transformed cells, our results do show that the host 
protein incorporation is not critically dependent on the intra- 
cellular Pr65 ea£ concentration. 

It should be stressed that not all PM proteins were passively 
incorporated into the Gag particles. A few PM proteins were 
found to be excluded from the particle. The reason for this 
exclusion remains unclear. These proteins might share some 
physical and topological features that excludes them from the 
submembranous Pr65^ lattice, or they might not be part of the 
PM regions where Gag-particle formation takes place. A most 
intriguing finding was that a few host proteins were concentrated 
into the Gag particles. The most notable one was the 24-kDa 
protein. These host proteins might have functional roles in the 
assembly or entry process of Mo-MuLV and clearly deserve to 
be studied further. 

The validity of our interpretations is primarily based on the 
purity of our Gag-particle and PM preparations and the accuracy 
of our PL quantifications, all of which can be criticized. We found 
that BHK-21 cells infected with various SFV vectors released, in 
general, significant amounts of host-derived vesicles, but these 
could be separated from the retrovirus-like Gag particles by 
sedimentation in an iodixanol gradient. This problem and its 
solution have been noted before (21-23). The PM preparation 
isolated by the sucrose step gradient was most likely to some 
extent contaminated by other membranes. However, the facts 
that our PM preparation carries a PM marker protein (7), is 
separated from endoplasmic reticulum and trans-Golgi mem- 
branes (7), and is significantly enriched in Pr65e a ? and Gag- 
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particle budding profiles (this study) make us confident about its 
suitability as a donor membrane preparation for the Gag par- 
ticles in our experiments. Our estimation of the PM and Gag- 
particle membrane ratio was based on PL quantification. The 
results were interpreted assuming similar lipid composition in 
the two preparations. This assumption might, however, be 
somewhat erroneous. The lipid composition of retroviruses has 
been studied before, and the results suggest that they contain 
relatively more sphingolipids and cholesterol than the PM of the 
host cell (24, 25). If this is also the case with Gag particles 
produced in BHK-21 cells, it means that the envelope of the Gag 
particles contain less labeled PLs per unit area than the host PM 
and that we hence overestimate the protein densities in the 
envelope of the Gag particles. However, it is unclear how much 
the intercalation of additional cholesterol molecules in between 
the PL molecules of a membrane actually increases the surface 
area of the latter (26). 

Our biochemical results were corroborated by our immuno- 
cytochemical analyses at ultrastructural level. The Con A 
labeling resulted in similar densities of label in budding and 
budding-free regions of the PM. Assuming that Con A detects 
glycoproteins rather than glycolipids, we have interpreted our 
results as the presence of similar concentrations of glycoproteins 
in the two regions. The validity of our assumption is supported 
by the facts that (/) Con A binds preferentially to mannose, which 
is a frequent component of the sugar units of membrane 
glycoproteins but not glycolipids (14, 27) and («) we observe a 
much increased Con A labeling in SFV buds, structures which 
are known to involve spike protein clustering. 

Bulk incorporation of PM proteins into the retrovirus enve- 
lope gives a natural explanation for the frequent observations of 
various host PM proteins (and functions) in retroviruses as well 
as for the pseudotyping phenomenon (3, 4). Moreover, it can 
explain the significant unspecific binding of retrovirus to cells 
(28). The realization of this process opens up new possibilities for 
modulation of the targeting and fusion functions of retrovirus 
vectors. However, it also raises concerns about vector purity and 
PM protein transport from producer cells to target cell surfaces. 
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of the manuscript and Ingrid Sigurdsson for typing. This work was 
supported with grants from the European Union (Training and Mobility 
of Researchers) and Sweden (Swedish Natural Science Research Council 
and Swedish Cancer Society). 



17. Helenius, A. & Simons, K. (1975) Biochim. Biophys. Acta 415, 29-79. 
18 Chanda B V. (1995) Current Protocols in Protein Scietice (Wiley, New York). 
19' Sjoberg,' E. M., Suomalainen, M. & Garoff, H. (1994) Bio /Technology 12, 
1127-1131. , o 

20. Henderson, L. E., Sowder, R.. Copeland, T. D., Smythers, G. & Orozlan, S. 
(1984) / Virol. 52, 492-500. 

21. Bess, J. W., Jr., Gorelick, R. J., Bosche, W. J.. Henderson, L. E. & Arthur, L. O. 
(1997) Virology 230, 134-144. 

22. Gluschankof, P., Mondor, I., Gcldcrblom, H. R. & Sattentau, Q. J. (1997) 
Virology 230, 125-133. 

-73 Ranoso G., Nijman, H. W., Stoorvogcl, W., Leijcndekker, R., Harding, C. V., 
Metier, C. J. M. & Geuzc, H. J. (1996) J. Exp. Med. 183. 1161-1172. 

24. Aloia. R. C, Tian, H. & Jensen, F. C. (1993) Proc. Natl. Acad. Sci. USA 90, 
5181-5185. 

25 Slosberg, B. N. & Montclaro. R. C. (1982) Biochim. Biophys. Acta 689, 393-402. 

26 Demel. R. A. & de Kruyff, B. (1976) Biochim. Biophys. Acta 457, 109-132. 
21. Stults, C L. M., Sweclcy, C. C. & M:icher, B. A. (1989) Methods Enzymol. 179, 

167-214. 

28. Pizzato, M.. Marlow, S. A., Blair, E. D. & Takeuchi, Y. (1999) J. Virol. 73, 
8599-8611. 



7532 j www.pnas.org 



Hammarstedt era/. 



humidity for 12 to 14 days [1 to 2 days 
longer than in (J5)) or until no additional 
flies emerged. 

The current optimal procedures produce 
overall survivals that constitute effective 
and practical cryobiological preservation of 
the Oregon R strain. Although it remains 
to be determined whether they will also be 
effective in preserving embryos from mutant 
lines, the major developmental processes 
are completed by stage 16, and consequent- 
ly we expect that most laboratory strains 
will tolerate these vitrification procedures 
as well as Oregon R does. An advantage of 
defining the optimum developmental time 
for cryopreservation in relation to the time 
at which the ratio of stages 14 to 15 is 1:1 
is that it will automatically compensate for 
any strain-to-strain differences in develop- 
ment rate. The approach may also be ap- 
plicable to the cryopreservation of embryos 
from other diptera like the housefly or 
mosquito, which have developmental rates 
very different from that of DrosophM (20). 

We believe our findings have more gen- 
eral implications for cryobiology. The opti- 
mal developmental stages being frozen are 
probably the most complex systems that 
have been cryobiologically preserved. The 
embryos are highly differentiated into tis- 
sues and organs including muscle and 
nerve, which indicates that differentiated 
multicellularity is not a barrier to cryopres- 
ervation per se. The findings also represent 
perhaps the first case in which vitrification 
procedures are required to obtain survival. 
From the mechanistic point of view there 
remains the question of why Drosophila 
survival is so critically dependent on devel- 
opmental stage. Older embryos may vitrify 
more readily than younger embryos, or pos- 
sibly they tolerate the presence of ethylene 
glycol or small amounts of ice better than 
younger embryos, perhaps because the crit- 
ical steps of dorsal closure and head invo- 
lution are completed. The answers could be 
important in determining the extent to 
which the general strategies described prove 
applicable to other non-mammalian eggs 
and embryos, most of which have not been 
successfully cryobiologically preserved. 
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Studies with subunit vaccines have shown 
that immunizations with viral envelope an- 
tigens alone are sufficient to elicit protec- 
tive immunity against SIV or HIV (1). The 
recent observation (2) that macaques immu- 
nized with uninfected human cells were 
protected against challenge with SIV grown 
in human cells raised the possibility that 
immune responses to cellular antigens might 



in n-heptane for 90 s. followed by a brief chase 
with pure heptane. Details are given in (7) and 
(15). The duration of the air-drying and the buta- 
nol/heptane steps are critical. The filters were 
rinsed several times in D-20 and then incubated 
45 min at 24° to 25°C. The percentage of perme- 
abilized embryos was defined as the percentage 
that, stained red or dark pink after a 5-min expo- 
sure at 23°C to 0.1% rhodam-ne B in D-20. [The 
leftmost and rightmost points of the dashed curve 
are from [15).} The embryos on the tillers were 
then exposed to 2 M ethylene glycol at room 
temperature (23°C) for 30 min and then to 8.5 M 
ethylene glycol plus 10% (w/v) polyvinyl pyrroli- 
done (Plasdone C-30) for 4.5 to 5.5 min at 5*C. 
The next step was to abruptly plunge the filters 
into a mixture of solid and liquid nitrogen (nitrogen 
slush) at approximately -205*C and then 10 to 30 
s later to abruptly plunge the filters into 0.75 M 
sucrose in D-20 at 23*C, hold them in that solution 
for 2 min, and then transfer them into D-20. Details 
of and reasons for these various steps are given in 
U5). 
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also be involved in protection. However, 
the putative cellular antigens that may be 
stimulating the protective response have not 
been identified, and the mechanism of pro- 
tection is unclear. 

To identify the specific cellular antigens 
associated with immunodeficiency viruses, 
we purified and sequenced proteins from 
preparations of HIV-1, HIV-2, and SIV. 



Cellular Proteins Bound to Immunodeficiency 
Viruses: Implications for Pathogenesis 
and Vaccines 

Larry O. Arthur,* Julian W. Bess, Jr., Raymond C. Sowder II, 
Raoul E. Benveniste, Dean L Mann, Jean-Claude Chermann, 
Louis E. Henderson 

Cellular proteins associated with immunodeficiency viruses were identified by determina- 
tion of the amino acid sequence of the proteins and peptides present in sucrose density 
gradient-purified human immunodeficiency virus (HIV)-1 f HIV-2, and simian immunode- 
ficiency virus (SIV). p2 microglobulin (0 2 m) and the a and |3 chains of human lymphocyte 
antigen (HLA) DR were present in virus preparations at one-fifth the concentration of Gag 
on a molar basis. Antisera to HLA DR, 0 2 m, as well as HLA class I precipitated intact viral 
particles, suggesting that these cellular proteins were physically associated with the sur- 
face of the virus. Antisera to class I, p 2 m, and HLA DR also inhibited infection of cultured 
cells by both HIV-1 and SIV. The specific, selective association of these cellular proteins 
in a physiologically relevant manner has major implications for our understanding of the 
infection process and the pathogenesis of immunodeficiency viruses and should be con- 
sidered in the design of vaccines. 
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Viruses were propagated in H9 cells, con- 
centra ted py sucrose density gradient ultra- 
cenoririig&tion, and centrifuged to pellet the 
virus (3) . Proteins from purified virus were 
separated by reversed -phase high-pressure 
liquid chromatography (rp-HPLC) as de- 
scribed (4 J (Fig. 1). The predominant cel- 
lular proteins found in purified HIV-1, 
HIV-2, and SIV were (32 microglobulin 
(P 2 m), human lymphocyte antigen (HLA) 
DR (a and f> chains), actin, and ubiquitin 
and were identified by amino acid sequence 
analysis of the purified proteins. Actin and 
ubiquitin were found associated with all 
purified retroviruses examined, which in- 
cluded murine, feline, and nonhuman pri- 
mate type C viruses; murine type B virus; 
primate type D virus; primate and ungulate 
lentiviruses; bovine leukemia virus; and 
human T cell lymphotropic virus type I 
(HTLV-I). However, analysis of HIV-1 mm, 
HF/-W HIV-2 ISY , SIV Mne , and S1V C « 
(as in Fig. 1) revealed substantial amounts 
of 0 2 m and HLA DR, showing that these 
cellular proteins were common to many 
strains of primate immunodeficiency virus- 
es. Purified proteins, including 0 2 m anc * 
HLA DR, were quantitated by amino acid 
analysis. For each virus, the molar ratio of 
P 2 m and HLA DR to Gag protein was 
approximately 0.15 to 0.2. Assuming 2500 
to 3000 Gag molecules per virion (3), we 
calculated that there are between 375 and 
600 molecules of p 2 m and HLA DR < a and 
p chains) per virion in the virus prepara- 
tions. These calculations suggest that these 
specific cellular antigens outnumber the 
molecules of the envelope glycoprotein, 
gpl20, on the virus [it has been previously 
estimated that there are approximately 216 
molecules of gpl20 per virion (5)1. We 
recovered more p 2 m and HLA DR t * ian 
gpl20 during rp-HPLC purification of im- 
munodeficiency viruses. 

p 2 m is a highly conserved protein that 
noncovalently associates with the HLA class I 
polymorphic proteins, termed heavy or a 
chain, to form the heavy (a) and light (p 2 m) 
chain combination that is expressed on the 
surface of most, if not all, nucleated mamma- 
lian cells. Bovine p 2 m from fetal bovine 
serum will exchange with p 2 m complexed 
with the a chain on the surface of cells (6) , 
and both human and bovine p 2 m were found 
in virus preparations (Fig. 1). However, we 
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have detected only trace amounts of a chain 
(copurirying with actin, Fig. IB) in fractions 
from the rp-HPLC-purified viruses, suggest- 
ing that the amounts of £ 2 m in the virus 
preparation may be in excess of the amounts 
of HLA class I a chain. 



Fig. 1. Protein separa- 
tion by rp-HPLC. Ap- 
proximately 175 mg of 
purified HIV-1 MN was 
disrupted, and the viral 
proteins and peptides 
were separated by pre- 
parative rp-HPLC as 
described (5). Eluted 
proteins and peptides 
were detected by ultra- 
violet absorption at 206 
nm. Proteins were 
eluted at room temper- 
ature with a gradient of 
increasing acetonitrile 
concentration (0 to 
60%) (A). The tempera- 
ture was raised to 50°C, 
and elutlon continued 
with a 0 to 100% 1 -pro- 
panol gradient (B). 
HIV-1 proteins are des- 
ignated as p2, p7, p1, 
p6, p17, and p24 (Gag 
proteins) and as gpl20 
and gp41 (envelope 
proteins) (5). Other 
peptides with Gag se- 
quences are labeled as 
A through H. Po/-coded 
products were also 
found (in minor peaks) 
but are not labeled. The 
p 2 microglobulins from 
bovine and human 
sources are designated 
as Bovine p 2 ™ and Hu " 
man 0 2 m. respectively. 
Ubiquitin, HLA DR (P 
chain), actin, and HLA 
DR (a chain) are also 
indicated. 



HLA class II antigens are primarily ex- 
pressed on cells of the monocyte-macro- 
phage lineage, dendritic cells, B cells, and 
activated T cells and consist of hetero- 
dimers encoded by distinct gene regions 
(HLA DR, HLA DQ, or HLA DP) of the 
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Fig 2. Precipitation of virus by antisera to cellular proteins. 
Twenty microliters of each serum at the appropriate dilution was 
mixed with 280 |il of phosphate-buffered saline and 100 uJ of 
HIV-1 u N The mixture was incubated for 1 hour at 37°C and then 
overnight at 4'C; after the incubation, 50 |il of 10% Staphyloccus 
aureus was added to facilitate precipitation of immune complex- 
es After a 30-min incubation at room temperature, pellets were 
prepared by centrifugation for 30 min at 3000 rpm with a 
Beckman J-6M centrifuge. Approximately 50 |xl of supernatant 
was removed, added to 950 u-1 of 2% Triton X-100. and incubat- 
ed for 1 hour at 37 e C. We measured HIV-1 p24 in this lysate by 
using a DuPont HIV-1 p24 antigen capture assay, according to 
manufacturer's instructions. The antisera used in the assay are 
listed in Table 1 . These include antisera to H9 ceils (V), p 2 m (O). 
HLA DR (•). HLA class I (B). HLA class I a chain (□). and 
negative sera (actin, CD4, mouse immunoglobulin G, and bovine 
serum albumin) (V). 
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r/idor histocompatibility complex. Only 
HLA DR was present in virus preparations, 
which is in agreement with the report that 
HLA DR but not HLA DP or HLA DQ is 
round on virus by fluorescence-activated 
c-11 sorter analysis (7). Infection of CEM 
calls with HIV-1 is known to up-regulate 
expression of HLA DR (8). To see if up- 
reguiation of HLA class II on H9 cells after 
HIV-1 infection accounted for the prefer- 
ential incorporation of HLA DR into the 
virus, we determined the relative concen- 
trations of HLA DR, HLA DQ, and HLA 
DP on HIV-l-infected and uninfected H9 
cells by means of flow cytometry as de- 



Table 1. Analysis of relative concentrations of 
HLA antigens in HIV-1 -infected and uninfected 
cells. Fluorescein-labeled monoclonal antibodies 
against determinants common to products of al- 
leles at class I loci (HLA A B. and C) and class II 
loci (HLA DR, DQ, and DP) were added at satu- 
rating concentrations to the infected and unin- 
fected cells. The mean fluorescence was deter- 
mined by flow cytometry. Isotypically matched 
monoclonal antibodies served as controls. 



Cells 



Mean fluorescence 



HLA 

HLA class II class 



Con- 
trol 



DR DP DQ ABC 



HIV-1-infected 165 94 50 68 5 
H9 

Uninfected H9 1 64 76 43 72 5 



Table 2. Neutralization of SIV and HIV-1. Neu- 
tralization assays were performed on the AA-2 
CL 1 cell line as described (1). HIV-1 ma and 
SIVm™, were grown in Hut 78 cells. Antiserum to 
H9 cells was prepared by immunization of a 
rabbit with "mock virus" prepared from unin- 
fected H9 cells (4); anti-human £ 2 m was ob- 
tained from Polysciences; anti-HLA class I was 
monoclonal antibody (W6/32) from DAKO; and 
anti-HLA OR (R.DRAB1) was provided by P. 
Cresswell {19). Neutralization titer is expressed 
as the serum dilution that resulted in 50% or 
greater reduction in giant cell formation on the 
AA-2 CL 1 cells infected with SIV or HIV-1 . NT, 
not tested. 



Neutralization titer 



Serum 



SIV M 



HIV-1 



1JIB 



Anti-H9 

Anti-Pg™ 
AntMHLA DR 
Anti-HLA class I 
SIV Mno -infected 

macaque 
HIV-1-infected 

human 
Normal rabbit 
Normal macaque 
Normal human 



320 
704 
640 
1280 
5632 

NT 

22 
<22 
22 



80 
1408 
1280 
1280 
<22 

1408 

<22 
NT 
22 



scribed (9) (Table 1). Both the HIV-l- 
infected and uninfected H9 cells expressed 
HLA DR, HLA DQ, and HLA DP in the 
same relative concentrations, indicating 
that infection had not selectively altered 
the concentrations of the antigens on the 
cell surface. The presence of HLA DQ and 
HLA DP on the surface of HIV- 1-infected 
H9 cells, but not in purified viruses, indi- 
cates a selective incorporation of HLA DR 
over HLA DP and HLA DQ. 

To determine if these viral-associated 
cellular antigens were physically attached to 
HIV-1, we tested antiscra specific for |J 2 m 
and HLA DR for their ability to precipitate 
intact virus. Antisera to uninfected H9 cells, 
0 2 m, HLA DR, HLA class I, and HLA class 
I a chain efficiendy precipitated intact virus 
(Fig. 2), indicating that cellular proteins 
were physically attached to the virus surface. 
Precipitation of intact virus with monoclo- 
nal antibodies to class I a chain (HC-10) 
and to conformational^ dependent epitopes 
on HLA class I (W6/32) indicates that some 
of the viral-associated {J 2 m ^ complexed 
with a chain, forming complete HLA class I 
molecules on the surface of most of the vims 
particles. Antisera to actin, CD4, mouse 
immunoglobulin G, and bovine serum albu- 
min did not precipitate the virus. Further- 
more, monoclonal antibodies to HLA DR 
(but not to HLA DP or HLA DQ) precipi- 
tated intact HIV-1 (10). 

Neutralization of HIV-1 and SIV infec- 
tion by specific antisera has proven useful for 
identification of viral and cellular proteins 
involved in infection and for localization of 
regions of the protein that interact during 
the infection process. To determine if the 
viral-associated P 2 m and HLA DR proteins 
were involved in virus infection, we tested 
antisera to p 2 m and HLA DR in vitro for 
their ability to neutralize HIV-1 and SIV 
infection. Antisera to p 2 m anc * ^LA ^ 
efficiendy inhibited HIV-1 and SIV infec- 
tion, as shown in Table 2. Monoclonal 
antibody to 0 2 m, B2g2-2 (i I), also neutral- 
ized infection of human peripheral blood 
lymphocytes by HIV-1 NDK and HIV-Ilav 
propagated in CEM cells (J 2). Because p 2 m 
and HLA DR are expressed on the surface of 
cells, it was necessary to determine whether 
the neutralization was due to the binding of 
antiscra to antigens on the cells or on the 
virus. We preincubated cells with antisera to 
P,m or with a monoclonal antibody 
(OKT4a) that inhibits gpl20-CD4 interac- 
tions by binding to a reactive site on the 
CD4 (13); the cells were then washed to 
remove antisera, and HIV-1 was added to 
the cells. Whereas no inhibition of HIV-1 
infection was seen with anti-p 2 m, and only 
high concentrations of anti-DR sera inhibit- 
ed HIV-1 infection, preincubation with 
OKT4a completely prevented virus infec- 
tion (14), suggesting that the 0 2 m and HLA 
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DR on the virus, and not on the cell, were 
the primary targets for neutralization by the 
respective antisera. Neutralization of HIV-1 
and SIV infection by antibodies to (3 2 m and 
HLA DR is further evidence that these 
cellular proteins are physically associated 
with HIV-1 and SIV and suggests that these 
viral-associated cellular proteins are in- 
volved in the infection process. 

We previously identified HLA DR mol- 
ecules-in sucrose density gradient-purified 
HIV-1 (15). Also, it has been shown that 
antisera to selected cellular antigens react 
with HIV-1 and SIV (16). However, we 
now implicate specific viral-associated cel- 
lular proteins in the infection process. The 
importance of understanding the infection 
process of immunodeficiency viruses is em- 
phasized by differences in the pathogenic 
potential of HIV-1 isolates that appear to 
be attributable to efficiency of virus entry 
{17). We propose that 0 2 m, HLA DR, 
HLA class I, and gpl20 on the immunode- 
ficiency viruses interact with specific li- 
gands on the cell (similar to binary interac- 
tions between T cells and antigen-present- 
ing cells), allowing the formation of an 
"adhesion patch" of clustering molecules on 
the cell surface. This adhesion patch may 
then serve to fuse the virus and cell mem- 
branes and allow the viral core-associated 
genome to penetrate the cell. The presence 
of HLA DR on immunodeficiency viruses 
also has significant implications for our 
understanding of the pathogenesis of HTV-1 
infection. The function of HLA class II 
molecules is to present antigens, in the 
form of peptides, to T cell receptors (TCR) 
in the initiation of cellular and humoral 
immune responses of the host. Inappropri- 
ate signaling after class II binding to TCR 
can cause apoptosis (or programmed cell 
death) of the TCR-bearing cell, which has 
been proposed as the pathological mecha- 
nism for induction of immunosuppression 
in AIDS {18). We propose that binding of 
viral-associated HLA DR to the TCR on 
CD4 cells may eliminate the CD4 cells by 
apoptotic mechanisms. 

Our evidence suggests that consider- 
ation of immunodeficiency viruses should 
now be expanded to include cellular pro- 
teins as an integral and functioning part of 
the viral envelope. Whether the cellular 
proteins are components of the viral enve- 
lope acquired during budding or are ac- 
quired after budding by specific associations 
is an important mechanistic consideration 
that can now be addressed. In any case, it is 
likely that immune responses to HLA DR, 
HLA class I, or 0 2 m (or to all three cellular 
proteins) were involved in protection 
against SIV infection after immunization 
with uninfected human cells (2). We pro- 
pose that the cellular proteins associated 
with immunodeficiency viruses play a cen- 
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Protective Effects of a Live Attenuated SIV 
Vaccine with a Deletion in the nef Gene 

Muthiah D. Daniel, Frank Kirchhoff, Susan C. Czajak, 
Prabhat K Sehgal, Ronald C. Desrbsiers* 

Vaccine protection against the human immunodeficiency virus (HIV) and the related simian 
immunodeficiency virus (SIV) in animal models is proving to be a difficult task. The difficulty 
is due in large part to the persistent, unrelenting nature of HIV and SIV infection once 
infection is initiated. SIV with a constructed deletion in the auxiliary gene nef replicates 
poorly in rhesus monkeys and appears to be nonpathogenic in this normally susceptible 
host. Rhesus monkeys vaccinated with live SIV deleted in nef were completely protected 
against challenge by intravenous inoculation of live, pathogenic SIV. Deletion of nef or of 
multiple genetic elements from HIV may provide the means for creating a safe, effective, 
live attenuated vaccine to protect against acquired immunodeficiency syndrome (AIDS). 



rrai role in infection and pathogenesis. 
These proteins should be considered in 
elucidation of the steps involved in infec- 
tion, design of vaccines, preparation of 
experimental virus-challenge stocks, and 
determination of the pathological mecha- 
nisms of immunodeficiency viruses. 
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There are good reasons for believing that 
development of an effective vaccine for 
AIDS will be a difficult task. Infection of 
humans with human immunodeficiency vi- 
rus type-1 (HIV-1) and of rhesus monkeys 
with SIVmac is fatal most or all of the time 
despite an apparently strong host immune 
response to the infecting vims. Infected 
individuals maintain vigorous humoral and 
cellular immune responses for months or 
years only to succumb eventually to the 
virus. The ineffective nature of the natural 
immune response suggests that a vaccine 
will have to provide highly stringent pro- 
tective immunity, perhaps even sterilizing 
immunity, in order to achieve protection. 
These difficulties are compounded by the 
large number of HIV- 1 strains that are non- 
or minimally cross-neutralizing. 

The predicted difficulty in achieving 
protection against HIV and SIV has been 
borne out to varying degrees by vaccine 
trials in animal models. Inactivated whole 
virus has protected rhesus monkeys against 
challenge by live, pathogenic SIV (1-4) 
but primarily under highly specific condi- 
tions that use human cells for the produc- 
tion of both vaccine antigen and challenge 
virus. Even formalin-fixed, uninfected hu- 
man cells can provide protection under 
these conditions (5). Apparently, an im- 
mune response to some cellular antigen or 
antigens is critical for this protection. The 
inactivated whole virus vaccine approach 
has been largely unsuccessful against SIV 
grown in rhesus monkey lymphocytes (6, 
7). Priming with vaccinia recombinants 
followed by boosting has protected rhesus 
monkeys against challenge by homologous 
cloned SIV (8), but little or no protection 
has been observed against homologous un- 
cloned SIV (9-JJ). Tests of several prod- 
New England Regional Primate Research Center, Har- 
vard Medical School, One Pine Hill Drive. Box 9102. 

Southboro ugh, MA 01772. 
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ucts have shown only limited success in 
chimpanzee trials {12). What is most dis- 
appointing about these studies is that the 
numerous failures have occurred despite 
extensive efforts to maximize, in an unreal- 
istic fashion, the likelihood of vaccine pro- 
tection. The vast majority of studies have 
used a minimal dose of challenge virus, 
matched to the strain used for vaccination, 
at or near the peak of vaccine-induced 
immune response. 

We investigated an approach that uses 
live attenuated SIV as a vaccine. Six rhesus 
monkeys that were infected with cloned 
SIVmac239 that contained a constructed 
deletion in the auxiliary gene nef have 
maintained extremely low vims burdens 
and normal CD4 + lymphocyte concentra- 
tions and have remained healthy for more 
than 3 years after experimental inoculation 
with the mutated virus (13, i4). Eleven of 
twelve rhesus monkeys infected with wild- 
type SIV in parallel have died over this 
same period. The rhesus monkeys infected 
with SIVmac239/ne/-deletion have shown 
no clinical signs whatsoever over the entire 
period of observation. 

Four of the rhesus monkeys infected 
with ne/-deleted SIV were challenged with 

Table 1. Challenge of rhesus monkeys immu- 
nized with SIV deleted in nef. All four rhesus 
monkeys received a single inoculation of SIV- 
mac239/r?e/-deletion 2.25 years before chal- 
lenge. Attempts to recover SIV from 1 0 6 PBMCs 
on the day of challenge yielded negative results 
(dashes). The titers of neutralizing antibodies 
were measured on the day of challenge (7). 
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Differential Incorporation of CD45, CD80 (B7-1), CD86 (B7-2), and 
Major Histocompatibility Complex Class I and II Molecules 
into Human Immunodeficiency Virus Type 1 Virions and 
Microvesicles: Implications for Viral Pathogenesis 
and Immune Regulation 

MARK T. ESSER, 1 DAVID R. GRAHAM, 1 LORI V. COREN > CHARLES ^ BESS ' JR '' 
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Human immunodeficiency virus (HIV) infection results in a functional impairment of CD4* T ce Hs long 
before a quantitative decline in circulating CD4+ T cells is evident The mechanism (s) re ponsibl ***** 
functional unresponsiveness and eventual depletion of CD4+ T cells remains unclear Bo h direct effect of 
cytopathic infection of CD4+ cells and indirect effects in which uninfected "bystander" cells 
compromised or killed have been implicated as contributing to the immunopathogenesis of ™ 10 ^ 
Because T-cell receptor engagement of major histocompatibility complex (MHC) molecules in th ^ 
costimulation mediated via CD28 binding to CD80 (B7-1) or CD86 (B7-2 car .lead tc ► energy ^ a P°ptosis 
determined whether HIV type 1 (HIV-1) virions incorporated MHC class I (MHC-I), MHC-II, CD8^orCD86. 
Microvesicles produced from matched uninfected cells were also evaluated. HIV mf ^°^^ s ^ rt ^J 
expression on T- and B-cell lines, macrophages, and peripheral blood mononclear ^cells (PI MC but ^did not 
significantly alter the expression of CD80 or CD86. HIV virions derived from all ^-"-P 05141 ^^ 1 *g 
incorporated high levels of MHC-II, and both Prions and microvesicles preferentially incorporated CD86 
compared to CD80. CD4S, expressed at high levels on cells, was identified as a protein present at high levels 
on microvesicles but was not detected on HIV-1 virions. Virion-associated, host cell-derived molecules '>™Jg** 
the ability of noninfectious HIV virions to trigger death in freshly isolated PBMC These results demonstrate 
the preferential incorporation or exclusion of host cell proteins by budding HIV-1 virions ; and suggest that host 
cell proteins present on HIV-1 virions may contribute to the overall pathogenesis of HIV-1 mtection. 



The envelope of human immunodeficiency virus type 1 
(HIV-1) is comprised of host cell membrane-derived proteins 
and lipids incorporated into the envelope when the virion buds 
from an infected cell (reviewed in references 34 and 43). More 
than 20 different host cell-derived proteins have been identi- 
fied in the HIV-1 envelope, including major histocompatibility 
complex class I (MHC-I) and MHC-II; the adhesion molecules 
CD44; LFA-1, -2, and -3; and ICAM-1 and ICAM-3 (2, 4, 21, 
33). These virion-associated, host cell-derived proteins can 
serve as markers by which to identify the type of cell from 
which a virion budded (4, 6, 15). The molecular phenotype of 
the HIV virion envelope has been used to determine whether 
HIV virions produced in vivo budded from a macrophage 
(M3>) or an activated T cell (27, 38). Incorporation of host 
cell-derived proteins into virions is not random or simply a 
function of expression level or density on the cell surface, since 
proteins that are highly expressed on infected cells, such as 
CD4, CD45, and the coreceptors CXCR4, CCR3, and CCR5, 
are not incorporated into virions (7, 15, 21, 25, 29). 
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Many cellular proteins incorporated into HIV-1 virions re- 
tain their biological function. For example, CD44 on the virion 
has been shown to bind hyaluronic acid (20) and CD55 (decay- 
accelerating factor) or CD59 present in the virion envelope can 
provide resistance to complement-mediated lysis (42, 43). The 
HIV virion envelope is enriched for HLA-DR but not DP or 
DQ (2, 6, 18, 45), and virion-associated MHC-II can bind and 
present the superantigen Staphylococcus enterotoxin B to rest- 
ing T cells., resulting in T-cell activation (39). These observa- 
tions demonstrate that virion-associated host cell proteins are 
functional and may play a role in HIV pathogenesis. 

Normally, T cells require two signals to become fully acti- 
vated. Signal one is antigen (Ag) specific and is generated by 
binding of the T-cell receptor (TCR) to Ag-MHC complexes 
on the Ag-presenting cell (APC). The second signal, a costimu- 
latory signal, is generated by CD28 on the T cell interacting 
with CD80 (B7-1) or CD86 (B7-2) on an APC (reviewed in 
reference 19). We have previously reported that microvesicles 
and HIV-1 virions incorporate high levels of MHC-I and 
MHC-II upon budding (2, 5) and have hypothesized that 
virion- or microvesicle-associated MHC-I or MHC-II, with or 
without bound antigenic peptides, could bind to and signal 
through the TCR on responding T cells. It has not been pre- 
viously determined whether CDS0 and CD86 are incorporated 
into budding HIV-1 virions or microvesicles. Because TCR 
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signaling in the absence of costimulation can lead to anergy or 
spopiosis, we examined whether microvesicles and/or HIV-1 
virions incorporate CD80 or CD86 into their membranes. Here 
we report that HIV infection of ceil lines, M<T\ and primary 
peripheral blood mononuclear cells (PBMC) upregulates cell 
surface expression of MHC-JI and that virions derived from all 
of these cells incorporated MHC-II. CD86 was detected on 
virions produced from 17 of 21 sets of different virus isolates 
propagated on different cells, whereas CD80 was detected on 
virions from only 3 of the same 21 viruses produced from 
CD80- and CD86-expressing cells. Microvesicles were also en- 
riched for CD86, whereas CD80 was. excluded. CD45 was iden- 
tified as a protein that was highly expressed on microvesicles 
but not on HIV-1 virions. 

These data suggest that HIV has evolved to preferentially 
incorporate some immunoregulatory proteins, such as MHC-II 
and CD86, but to exclude other proteins like CD45 and CD80. 
The host cell molecules incorporated into virions influenced 
the biological effects of the virus. Noninfectious, MHC-con- 
taining HIV virions derived from the CEMX174/T1 cell line 
triggered cell death in resting PBMC, whereas noninfectious, 
MHC-negative virions derived from the matched CEMX174/T2 
cell line did not. These findings suggest that HIV has evolved 
to preferentially incorporate certain immunoregulatory pro- 
teins into virions : potentially contributing to the ability of the 
virus to evade the immune system and contribute to pathogenesis. 

MATERIALS AND METHODS 

Cell lines. Uninfected cell lines H9 (13), CEMX174/T1, CEMX174m (44), 
and TBLCL-CD4 (30) were cultured in RPMI 1640 medium with 5% heat- 
inactivated fetal bovine serum, 2 mM L-elutamine, penicillin G at 100 Vital, and 
streptomycin sulfate at 100 u.g/rol (complete medium). Chronically HIV-1-in- 
fected cell lines MN/H9, NL4-3/H9, NL4-3/CEMX174/TL NL4-3/CEMX174/T2, 
and NL4-3/TBLCL-CD4 were also cultured in complete medium. All cell lines 
were split twice weekly at 3 x 10 5 cells/ml, were mycoplasma negative (PCR 
Mycoplasma Detection Kit; American Type Culture Collection. Manassas, Va.), 
and were cultured in complete medium. 

Virus stocks and preparation of virions inactivated by AJdrilhiol-2 (2,2'- 
dithiodipyridine). H9, CEMX174/T1, CEMX174/T2, and TBLCL-CD4 celts 
chronically infected with HIV-W? were cultured as described previously (35). 
For experiments involving the induction of cell death, conformationally authentic 
noninfectious HIV-1 virions were prepared as previously described (1, 40). Con- 
centrated (1.000X) virus preparations were produced by sucrose density gradient 
banding in a continuous-flow centrifuge (1, 5, 40). For the virion precipitation 
experiments, different HIV-1 isolates were examined, including patient isolates 
PI08-436, P2-285, P419, and PI 15 derived from ex vivo expansion of primary 
PBMC {a generous gift from Antonio Valentin, National Cancer Institute [NCI] 
at Frederick). Clade B, R5 patient isolates HlV-ly lUS054 , H1V-1 92US727 , and 
HIV-1 M!JS657 (49), grown in PBMC activated with phytohemagglutinin (PHA) 
plus interieukin-2 (1L 2; 10 U/ml; Hoffman-La Roche, Nutley, N.J.), were ac- 
quired from the National Institute of Allergy and Infectious Diseases AIDS 
Research and Reference Reagent Program. HIV-1 SFS62 (R5) (10), HIV-1 89 .« 
(X4 and R5 dual tropic) (12), and HIV- W, (X4) were also grown in PBMC 
activated with PHA-pIus-lL-2 (47). HIV-l Adn . M (17) and HIV- W (16) were 
produced from primary monocyte-derived M* (MDM) cultures (see below). 
Microvesicles, used as a control reagent, were isolated from supernatants of 
uninfected cell cultures in a manner identical to that used for virus preparation 
from infected cells (5). Ail virus and microvesicle stocks were stored at -70°Cor 
in vapor phase liquid nitrogen until use. 

Isolation and culture of PBMC and M<!>. PBMC were isolated by density 
centrifugation (Ficoll-Hypaque; Pharmacia, Uppsala, Sweden) from citrate-an- 
licoaguluted peripheral blood obtained from healthy, HIV- 1 -seronegative do- 
nors at the NCI at Frederick. PBMC were cultured in AIM-V medium (Gibco, 
Caithersburg, Md.) with 2% human AB serum (Sigma, St. Louis, Mo.). Elutri- 
ated monocytes from HIV-negative donor leukopacs were grown at 2 x 10'* cells 
per well on'uUralow-attaehment six-well Costar plates in RPMI 1640 medium 
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fBiosource international, CamariUo. Calif.) supplemented with penicillin, strep- 
omvein. eentamicin. amphotericin B. L-gluiamint (Quality Biological Ga.thers- 
buri Md.). HEPES buffer (Sigma), and 107, fetal bovine scrum (Biosourcc 
intirnational). The monocytes were incubated at 37°C under 1% CO, and W. 
humidity lor 7 davs to generate MDMs. MDMs were infected with 10 509, tissue 
culture-Infective doses of either HJV-l Bsi . L or HIV-1 ADA for 2 h. washed wtth 
phosphate-buffered saline (PBS; Biosource International) to remove free : vims, 
and reted with culture medium. The infected MDMs were incubated for an 
additional IS days with medium chances every 5 days. MDMs were stained on 
dav 18 for intracellular HIV-1 core antigen using the KC57 monoclonal antibody 
(MAb- Beckman-Coulter. Miami, Fla.) and determined to be greater than 80/, 
infected (data not shown). Culture supernatants were found to be pos.t.ve for 
HIV 1 p->4 by enzyme-linked immunosorbent assay (Beckman-Coulter) at 14 
days postinfection. At dav 1 8 postinfection, culture supernatants were harvested 
and the MDMs were recovered by centrifugation for flow cytometr.c analysis. 

Cell counts and viability. Total cell numbers and viability were determined by 
trypan blue analysis. Cells were counted on a hemocytometer in triplicate, and 
the percentage of dead cells was determined by the formula [dead/(l,ve + dead)] 
X 100 Error bars represent 1 standard deviation of the mean. P values were 
calculated by using a one-tailed, equal-variance Student t test of experimental 
measurements versus a PBS control. Statistical analysis was performed with 
Microsoft Excel (Microsoft, Redmond, Wash.). 

Flow cytometry, lmmunofluorescent staining of PBMC and MDMs (3 X 10- 
per condition) was performed at 4'C for 30 min by using isotype immunoglobulin 
Gl (IgGl) (X40), lgG2a (X39), and V4 (non-gpl20-interacting domain on CD4) 
and HLA-DR (L243) MAbs from Becton Dickinson Immunocytometry Systems 
SanTe Ca if.). MAbs reactive with CXCR4 (12G5), CCR5 (3A9). CD45 
HI30) CD55 (IA10), CD80 (L307.4), CD86 (FT2.2), and MHC-l (G46-2.6) 
were all purchased from Pharmingen (San Diego, Calif.). All antibodies were 
phycoerythrin coupled. Following antibody staining, cells were washed three 
times with 250 u.1 of staining buffer and fixed with 2% paraformaldehyde over- 
night at 4 e C prior to data acquisition on a FACS Calibur flow cytometer using 
CellQucst software (Becton Dickinson Immunocytometry Systems). Samples 
were gated on viable cells by forward and 90° light scatter, and at least lo.OOO 
live-cell events were acquired for each sample. Acquired data were analyzed by 
using FlowJo software (Tree Star, Inc., San Carlos, Calif.). 

Western blot analvsis. Cells, virions, and microvesicles were solubilized in 
Ivsate buffer (1% Nonidet P-40, 0.5% sodium deoxycholate. 0.1% sodium dode- 
cvl sulfate (SDS) 0.05 M Tris hydrochloride buffer [pH 7.5], 0.15 M NaCl, 1 mM 
EDTA 1% aprotinin, 1 mM phenylmethylsulfonyl fluoride). Cell lysates were 
cleared bv microcentrifugation at 12,000 x g for 5 min at 4"C. HIV-1 virions and 
microvesicles (50 u.g of total protein equivalents per lane) for electrophoresis 
were run separately on discontinuous SDS-polyacryl amide (4 to 20% gradient) 
gels under nonreducing or reducing conditions. Proteins were transferred onto 
Immobilon-P membranes by a semidry blotting technique (Millipore, Bedford, 
Mass ). and specific proteins were detected by immunoblot analysis with a MAb 
against CD4S (H130: Pharmingen), a rabbit polyclonal Ab to CD55 (H-319; 
Santa Cruz Biotechnology, Santa Cruz, Calif.), a goat polyclonal IgG against 
CD80 (N-20- Santa Cruz Biotechnology), a mouse MAb to CD86 (IT2.2; Pharm- 
ingen) a mouse MAb to MHC-I (a generous gift from Hidde Ploegh, Massa- 
chusetts Institute of Technology, Cambridge), or a mouse MAb to MHC-II 
(L243- American Type Culture Collection). Primary antibodies were detected 
with horseradish peroxidase-conjugated, species-specific goat secondary antibod- 
ies (Bio-Rad, Hercules, Calif.) and enhanced-chemiluminescence reagents (Am- 
ersham, Arlington Heights, 111.). 

VP A. A whole-virion immunoprecipitation assay (VPA) was performed essen- 
tially as previously described (2, 40), except that it was performed with a 96- 
deep-well (2.2 ml) plate (Marsh Biomedical Products, Inc., Rochester, N.Y.) or 
microcentrifuge tubes. Comparable input amounts of infectious or Aldrithiol-2- 
inactivated virus preparations (p24 CA at 10,000 pg/ml or reverse transcriptase 
equivalents at 2,500 pg/ml) were incubated overnight at 4°C on a rocker with 
each MAb at 10 u-g/ml in PBS plus 3% bovine serum albumin (BSA) in a total 
volume of 500 u.1 in deep-well plates sealed with aluminum plate sealers (Beck- 
man Fullerton Calif.). Pansorbin cells (formal in- fixed Staphylococcus aureus 
strain Cowan; 25 u.1; Calbiochem, La Jolla, Calif.) were incubated with PBS-3% 
BSA or with rabbit anti-mouse IgG (Sigma) under saturating conditions and 
washed three times in PBS plus 3% BSA. Pansorbin- Ab complexes were added 
directly to virus complexed with the mouse MAbs, and after incubation at 20 8 C 
for 30 min with rocking, virion Ab-Pansorbin complexes were precipitated by 
centrifugation (2,000 X s , 30 min). The residual virus content of the supernatant 
after immunoprecipitation was determined by p24 capture immunoassay (AIDS 
Vaccine Program, NCI at Frederick) or reverse transcriptase assay (Cavidi). The 
MAbs used in the VPA were the same MAbs used in the flow cytometry exper- 
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irnenu. Clearance by a particular Ah in this assay is indicative o!' the presence of 
irnmimoreactive antigens on the virion surface (2). It i; likely that a threshold 
density of a host cell-derived protein in the virus envelope is required to precip- 
itate the virus and that the amount of virus precipitated depends in part on the 
density of a given protein in the envelope of the virus. However, because the 
VPA readout involves quantitation of a viral protein, this assay measures how 
many virions have been precipitated by the Ab-Pansorbin complex and not the 
number of host cell-derived proteins on a virion. Adding a rabbit anti-mouse 
secondary Ab to the Pansorbin cells allowed us to detect CD80 on virions that 
appeared to be CDSO negative when precipitated with the anti-CD80 M Ab alone 
(D.C unpublished observation). Error bars represent 1 standard deviation of 
the mean or triplicate measurements. P values were calculated by using a one- 
tailed, equal-variance Student / test of experimental measurements versus iso- 
type control measurements. Statistical analysis was performed by using Microsoft 
Excel. Proteins for which immunoprecipitation with a specific MAh yielded a 
value statistically significantly greater than the value for the isotype control were 
considered to be incorporated into the virions at significant levels. 

HLA-DR genotyping. DRB1 genotyping was performed by using a combina- 
tion of PCR sequence-specific priming (31) and single strand-strand conforma- 
tion polymorphism (8) analyses. 

RESULTS 

Differential incorporation of CD80, CD86, MHC-I, and 
MHC-II into HIV-1 virions. HIV preferentially incorporates or 
excludes different host cell proteins when budding from an 
infected cell. We have hypothesized that the presence of MHC 
molecules or the costimulatory protein CD80 or CD86 in the 
HIV-1 virion envelope could contribute to HIV pathogenesis 
(14). HIV incorporates MHC-I and MHC-II upon budding 
from infected T cells or macrophages in vitro (2, 6, 9) and in 
vivo (26, 27, 41), but it had previously not been determined 
whether the costimulatory proteins CDSO and CD86 are also 
incorporated into the HIV-1 virion envelope. By using a sen- 
sitive, Ab-based VPA, we performed an initial survey of seven 
primary HIV isolates derived from PBMC, two MO-derived 
isolates, and three laboratory isolates to determine whether 
CDSO, CD86, MHC-I, and MHC-II were incorporated into the 
virions. All of the virions incorporated MHC-II, except the 
virions derived from the MHC-II-negative CEMX174/T2 cell 
line (Fig. 1). None of the virions incorporated significant levels 
of CDSO, and 9 of the 12 viruses incorporated CDS6 (Fig. 1). 
There was variable incorporation of MHC-I into the virions, 
depending on the virus and the cells from which the virus was 
produced (Fig. 1). These data suggested that, depending on 
the virus and the cell from which it was derived, there could 
be differential incorporation of CD80, CD86, MHC-I, and 
MHC-II into the virion envelope and that CD86 was more 
readily incorporated into virions than was CDSO. 

We attempted to determine the basis for the differential 
presence of different host cell proteins in different virus prep- 
arations produced from different cell types. To determine 
whether the presence or absence of CDSO, CD86, MHC-I, and 
MHC-II on virions is directly related to the levels of these 
molecules on the surface of the cells from which the virus was 
produced, we examined the levels of these molecules on the 
surface of uninfected cells and that of the HIV-1 -infected cells 
from which the virus we studied was produced. In addition to 
measuring the levels of CD80, CD86, MHC-I, and MHC-II on 
the uninfected and infected cells, we also examined the levels 
of CD45 and CD55. CD45 is one of the most highly expressed 
proteins on the surfaces of lymphocytes and monocytes and is 
reportedly excluded from virions produced from the Jurkat 
T-cell line (29). CD55 is a glycosylphosphatidylinositol-linked 



protein that is localized to cholesterol-rich regions in the 
plasma membrane, termed rafts : and its incorporation into 
virions has been used as evidence for virion budding through 
rafts p8) We therefore characterized the cell surface expres- 
sion of CD4. CXCR4, CCR5. CD45. CD55 ? CDSO, CD86, 
MHC-I, and MHC-II on uninfected and HI V-I -infected MO 
(see Table 1), PBMC (see Table 2), and cell lines (see Table 3) 
and characterized the incorporation of CD45, CD55, CDSO, 
CD86. MHC-I, and MHC-II into HIV-1 virions derived from 
MO (see Fig. 2), PBMC (see Fig. 3), and cell lines (see Fig. 4 
and 5), respectively. 

Profile of immunoregulatory molecules incorporated into 
MO-derived HIV-1 virions. Monocyte-derived MO expressed 
low to moderate levels of CD4 and both coreceptors CXCR4 
and CCR5 (Table 1). MO infected with Ada-M, Ba-L98-4, and 
Ba-L 98-7 showed increased expression of CD45, CD55, CD86, 
MHC-I, and MHC-II (Table 1). The uninfected and infected 
MO expressed low levels of CD86 and low to undetectable 
levels of CD80 (Table 1). Characterization of the proteins 
incorporated into the MO-derived virions revealed that CD80 
was detectable on the Ba-L 98-7 and Ada-M 98-3 virions and 
CD86 was detectable on the Ba-L 98-4, Ba-L 98-7, and Ada-M 
98-3 virions. Interestingly, the MO-derived virions did not in- 
corporate detectable amounts of CD45 or CD55 (Fig. 2), de- 
spite moderate levels of CD45 and CD55 expression on the 
MO (Table 1). Lastly, all three MO tropic viruses incorporated 
significant levels of MHC-I and MHC-II (Fig. 2). These data 
support the premises that MHC-II is preferentially incorpo- 
rated into MO-derived virions and that CD55 and CD45 are 
preferentially excluded. 

Profile of immunoregulatory molecules incorporated into 
PBMC-derived HIV-1 virions. We next characterized the cell 
surface expression and incorporation of cell surface proteins 
with immunoregulatory function into representative X4, R5, 
and dual-tropic HIV-1 virions produced from primary PBMC. 
The levels of CD4, CXCR4, CCR5, CD45, CD55, CDSO, 
CD86, MHC-I, and MHC-II on activated PBMC revealed that 
the majority of the cells were CD4 and CXCR4 positive and 
CCR5 negative (Table 2). The majority of the cells expressed 
low levels of CD80 and moderate levels of CD55, CD86, and 
MHC-I. As observed with the MO, CD45 was the most highly 
expressed molecule and cell surface MHC-II expression was 
increased by HIV-1 infection (Table 2). 

Characterization of the immunoregulatory proteins incorpo- 
rated into the representative R5-tropic (SF162), dual-tropic 
(89.6), and X4-tropic (NL4-3) virions produced from PBMC 
revealed that CDSO was present on the SF162 virions but not 
on the 89.6 or NL4-3 virions (Fig. 3). All three PBMC-derived 
viruses incorporated significant levels of CD55, CD86, and 
MHC-II (Fig. 3). The SF.162 virions and the NL4-3 virions 
incorporated significant levels of MHC-I, but the 89.6 virions 
did not (Fig. 3). As observed for the MO-produced virions, 
CD45 was not incorporated into the PBMC-derived virions 
(Fig 3), despite being the most highly expressed molecule on 
the surface of the HIV-infected PBMC (Table 2). These data 
further supported the hypotheses that HIV infection upregu- 
lates MHC-II cell surface expression and that MHC-II is pref- 
erentially incorporated into budding virions whereas CD45 is 
preferentially excluded. 
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ments). 

Comparison of the profiles of immunoregulatory molecules 
incorporated into cell line-derived HIV-1 virions and micro- 
vesicles. We next sought to characterize and compare the im- 
munoregulatory proteins incorporated into HIV-1 virions and 
microvesicles. Microvesicles are nonviral membrane vesicle 
particles of unknown biological and immunological signifi- 



cance that bud from the surface of cells (5, 18). Identification 
and quantitation of cellular proteins associated with HIV-1 
virions have been complicated by the presence of these mi- 
crovesicles that inevitably copurify with HIV virions (5, 18). 
We have previously shown that microvesicles contain high lev- 
els of ^-microglobulin, MHC-I, and MHC-II (5), but it had 



TABLE 1. Cell surface expression of cellular proteins on uninfected and HIV-1 -infected Md>" 



Cell lype 


Virus strain 


Isotype 
control 


CD4 


CXCR4 


CCR5 


CD45 


CD55 


CD80 


CD86 


MHC-I 


MHC-II 


III! 


Ada-M98-3 

Ba-L98-4 

Ba-L98-7 


31 
27 
23 
19 


78 
59 
34 
9 


32 
31 
30 
27 


49 
53 
45 
42 


333 
479 
470 
372 


101 
109 
121 
108 


9 
12 
14 
14 


43 
75 
86 
125 


103 
168 
153 
166 


140 

300 
311 
342 



. ~ . * | » * MOf > , Rn i go 4 or rja-I 98-7 as described in Materials and Methods. After 18 days, cell surface 

- Md> were isolated and either mock infected or .nfectec h*,th ^^^.^i^ed bv flow cytometric analysis. Mean fluorescence intensity values 
expression of CD4, CXCR4, CCR5, CD43, CDm. CD80, CD86, MHC-J, indMHl- « ™~ . Th J ho ', n are rcpresc ntative of two separate experiments, 
(ill I arbitrary fluorescence units) for cell surface expression of the various proteins ait presented. I he data P 
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Precipitating Antibody Specificity 

FIG. 2. Profile of immunoregulatory molecules incorporated into 
HIV-1 virions produced from infected M<£>. M3> were isolated and 
cultured as described in Materials and Methods. M$ were mock in- 
fected or infected with Ada-M 98-3, Ba-L 98-4, or Ba-L 98-7. MO- 
derived virions were characterized for the presence of CD4, CD45, 
CD55, CD80, CD86, MHC-I, and MHC-II in the virion envelope. The 
data shown are representative of two separate experiments, each per- 
formed in triplicate. Error bars represent 1 standard deviation of the 
mean of triplicate measurements. *, P < 0.05; **, P < 0.01; ***, P < 
0.001 (Student /-test significance of differences between experimental 
measurements and isotype control measurements). Microves., micro- 
vesicles. 




Precipitating Antibody Specificity 

FIG 3 Profile of immunoregulatory molecules incorporated into 
HIV-i'virions produced from infected PBMC. PBMC were isolated 
and cultured as described in Materials and Methods. PHA- and In- 
activated PBMC were mock infected or infected with CCRo-tropic 
SF16-> dual-tropic 89.6, or CXCR4-tropic NL4-3. PBMC-denved viri- 
ons ' were characterized' for the presence of CD4, CD45 CD55, CD80, 
CD86 MHC-I and MHC-II in the virion envelope. The data shown 
are representative of two separate experiments, each performed in 
triplicate. Error bars represent 1 standard deviation of the mean i of 
triplicate measurements. *, P < 0.05; «, P < 0.01; ***, P < 0.001 
(Student r-test significance of differences between experimental mea- 
surements and isotype control measurements). Microves., microvesicles. 



not been previously determined whether microvesicles contain 
CD45 } CD55, CD80, or CD86. 

To determine if these immunoregulatory molecules are in- 
corporated into microvesicles or HIV-1 virions, we first exam- 
ined their cell surface expression on four different cell lines 
used to produce HIV-1 NL ^ 3 . Flow cytometric analysis of un- 
infected cultures of the Tl, T2, TBLCL-CD4, and H9 cell lines 
and parallel infected cultures revealed that the four cell lines 
expressed CXCR4, but not CCR5, and expressed moderate to 
high levels of CD4 } CD45, CD55., MHC-I, and MHC-II (Table 
3). The H9 T-cell line did not express CD80 or CD86, and as 



expected (44), the T2 cell line did not express MHC-II and 
expressed very low levels of MHC-I (Table 3). CDS0 and CD86 
were expressed at higher levels on the Tl, T2, and TBLCL- 
CD4 cell lines than on M<£ or freshly isolated PBMC (Table 3). 
Cell surface MHC-II expression was increased by HIV infec- 
tion on the H9 and TBLCL-CD4 cell lines but not on the Tl 
cell line. 

We next examined matched microvesicle and virion prepa- 
rations by Western blot analysis to determine whether CD45, 
CD5S CD80, CD86, MHC-I, or MHC-II was present in the 



Cell type 



PBMC 
PBMC 
PBMC 
PBMC 
PBMC 
PBMC 
PBMC 



TABLE 2. Cell surface expression of cellular proteins on uninfected and HIV-1 -infected PBMC 



Virus strain 



Isotype 
control 



CD4 



CXCR4 



CCR5 



CD45 



CD55 



CD80 



CD86 



MHC-I 



None 

Ada-M (R5) f 
Ba-L (R5) c 
JRFL (R5) c 
SF162 (R5)* 
89.6 (X4R5)* 
NL4-3 (X4) 6 



21 
48 
3 
2 
3 
3 
3 



45 
64 
65 
48 
24 
36 
203 



3,831 
5,221 
4,818 
4,984 
4,052 
4.909 
4.054 



432 
735 
657 
620 
347 
667 
625 



11 
18 

9 
22 

8 
15 
23 



352 
212 
312 
257 
358 
388 
270 



117 
303 
234 
219 
111 
253 
162 



MHC-II 

726 
1,271 
1,160 
1,021 

812 
1,254 

956 



■™ C ««^ and prepare, as described m Materials and ^X^^N CoV^l S£ 

Pr °This wVus s"ai"n was characterized for the cellular proteins incorporated into the virions by the VPA. 
<: Infection of PBMC with this virus strain did not produce enough virus for characterization by the vi a. 
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TABLE 3. Cell surface expression of cellular proteins on uninfected and acutely HIV-l h 



-infected eel) lines'' 



control 

HQ NL4-3 4 142 170 5 2.599 

Tl 3 445 233 5 L*>" 



Tl NL4-3 3 8 112 11 2.173 



T2 8 662 206 9 



T2 NL4-3 9 6 196 8 1,323 



Cell type Virus strain ^ CD4 CXCR4 CCR5 CD45 CD55 CD80 CD86 MHC-I MHOI1 



7 66^ 206 5 9 228 1,418 

. 0 9 7 9 265 3.938 

4S3 707 478 351 2,124 

733 607 597 187 2,026 



L628 358 907 778 95 34 



708 933 1,513 30 12 



- * S J lS m ™ £ * SS 

TBLCL NL4-3 9 7 32 8 1,41b ^ 



» Cell lines were prepared as described in Materials and Method, Cel. lines were -^.y infee^ 
CCR5. CD45. CD55, CD80, CD86, MHC-I, and MHC-II was examined ^JJ^^^ 7 ^^^ of ™ separate experiment, 
fluorescence units) for cell surface expression of various proteins are presented. The data shown are represent h i 



preparations. Microvesicles and HIV-1 virions derived from 
the Tl, T2, TBLCL-CD4, and H9 cell lines were purified by 
sucrose banding density centrifugation and quantitated for 
total protein and p24 capsid levels. TBLCL-CD4 cell lysate 
served as a positive control because the TBLCL-CD4 cell line 
expressed moderate to high levels of CD45, CD55, CD80, 
CD86, MHC-I, and MHC-I1 (Table 3). Immunoblot analysis 
revealed that both the virion and microvesicle preparations 
contained large amounts of CD45, CD55, CD86, MHC-I, and 
MHC-II but not CD80 (Fig. 4). CD80 was readily detected in 
as little as 5 p.g of total TBLCL-CD4 cell lysate but was barely 
detectable in 50 pLg of the Tl, T2, or TBLCL-CD4 virion or 
microvesicle preparations, suggesting that CD80 was excluded 
from both virions and microvesicles (Fig. 4). In contrast to 
CD80, CD86 was weakly detected in the TBLCL-CD4 cell 
lysate but easily detected in virion and microvesicle prepara- 
tions, suggesting that CD86 was preferentially incorporated 
into virion and microvesicle preparations (Fig. 4). Neither 
CD80 nor CD86 was detected in the H9 virion or microvesicle 
preparations due to the fact that the H9 cell line did not 
express CD80 or CD86 (Table 3). Per microgram of total 
protein, there was more MHC-I and MHC-II in the micro- 
vesicle and virion preparations than in the cell lysate, suggest- 
ing that both microvesicle and virion preparations were en- 
riched for MHC-I and MHC-II (Fig. 4). Importantly, CD45 
was present at high levels in both the microvesicle and virion 
preparations. These findings demonstrate that microvesicle 
and virion preparations contained high levels of CD45, CD55, 
CD86, MHC-I, and MHC-II but that CD80 was excluded or 
present at very low levels. 

As noted previously, even sucrose-banded HIV-1 virion 
preparations still contain copurifying microvesicles (5, 18). Be- 
cause immunoblot analysis of the virion preparations (Fig. 4) 
cannot distinguish between virion-associated and microvesicle- 
associated host cell-derived molecules, we determined whether 
CD45, CD55, CD80, CD86, MHC-I, or MHC-II was incorpo- 
rated into HIV-1 NL4 . 3 virions derived from the Tl, T2, 
TBLCL-CD4, and H9 cell lines by using the VPA. In this assay 
format, antibodies to host cell proteins incorporated into viri- 
ons immunoprecipitate the virions while antibodies to host cell 
proteins present in virion preparations, but not physically 
incorporated into viral particles, for example, in copurifying 
microvesicles in the preparations, do not immunoprecipitate 
virions. Based on this immunoprecipitation assay, CD55 was 
significantly present on virions from all four sources (Fig. 5). 



MHC-I and MHC-II were significantly detected on virions 
derived from Tl, TBLCL-CD4, and H9 cells but not on those 
from T2 cells (Fig. 5). CD86, but not CD80, was detected on 
virions derived from CD80 and CD86-expressing cells (Fig. 5), 
despite equivalent levels of CD80 and CD86 on the surfaces of 
the Ti, T2, and TBLCL-CD4 cells (Table 3). Additionally, the 
anti-CD45 MAb did not precipitate virions derived from any of 
the cell lines (Fig. 5), although CD45 is the most highly ex- 
pressed protein on the surfaces of all four cell lines (Table 3). 
These data extend the previous finding that there can be pref- 
erential incorporation of MHC-II and CD86 and preferential 
exclusion of CD80 and CD45. Importantly, these data reveal 
that the CD45 detected on the virions by Western blot analysis 
was present on the copurifying microvesicles and not incorpo- 
rated into the virions. 

Host cell-derived HTV-1 virion-associated proteins affect 
virion-triggered cell death. As described in this report and 
elsewhere, HIV incorporates MHC molecules when it buds 
from infected cells. We have postulated that virion-associated, 
host cell-derived proteins might play a role in HIV pathogen- 
esis (2), but previously it has been difficult to distinguish be- 
tween cell death due to the direct effects of viral replication 
and lysis from indirect effects due to noninfectious virions. 
Specifically, we have proposed that MHC molecules incorpo- 
rated into the HIV virion can interact with the TCR and other 
receptors on the surface of a T lymphocyte to induce anergy or 
apoptosis (2, 39). We have recently developed a procedure by 
which to inactivate HIV infectivity without affecting the con- 
formational integrity of the virion surface proteins (1, 40). 
These conformationally and functionally intact but noninfec- 
tious virions interact authentically with target cells and provide 
a powerful tool with which to evaluate the role host cell- 
derived proteins present on the HIV-1 virion play in patho- 
genesis, independently of productive infection. 

To better understand the effect of virion-associated host 
cell-derived proteins in HIV pathogenesis, we examined the 
effects of microvesicles and conformationally authentic, non- 
infectious HIV-1 n ^. 3 .at2 viri °ns produced from Tl, T2, 
TBLCL-CD4, and H9 cells on freshly isolated PBMC from a 
healthy, HIV-seronegative donor. Microvesicles derived from 
the four cell lines did not induce cell death in the cultures (Fig. 
6). CD86-positive, MHC-positive, noninfectious virions de- 
rived from the CEMX174/T1 cell line triggered cell death, 
whereas CD86-positive, MHC-negalive, noninfectious virions 
derived from the matched, MHC-II-negative CEMX174/T2 
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FIG. 4. Virion and microvesicle preparations contain high levels of 
CD45 CD55, CD86, MHC-I, and MHC-II but not CD80. Virions and 
microvesicles derived from the Tl, T2, TBLCL- CD4, and H9 cell lines 
were purified by sucrose density gradient ultracentrifugation. TBLCL- 
CD4 cell lysates served as a positive control and a way to determine the 
sensitivities of the different antibodies in the Western blot assays. 
Virion and microvesicle preparations (50 |xg of total protein per lane) 
and the TBLCL-CD4 lysates were analyzed on an SDS-5 to 20% 
nondenaturing polyacrylamide gel under reducing or nonreducing con- 
ditions. Immunoblots were probed with a MAb to CD45 (H130). a 
polyclonal serum to CD55 (H-319). a goat polyclonal serum to CD80 
(N-20), a MAb to CD86 (IT2.2), a MAb to MHC-I, and a MAb to 
MHC-II (L243). The results shown are representative of at least three 
independent Western blot assays for each protein. 



cell line did not (Fig. 6). Because these two cell lines differ only 
in MHC expression, these data strongly suggest that virion- 
associated MHC molecules can impact HIV pathogenesis. The 
CD86-positive, MHC-positive, noninfectious virions derived 
from the TBLCL-CD4 cell line also triggered cell death (Fig. 
6). However, the MHC-positive, CD86-negative, noninfectious 
virions derived from the H9 cell line did not trigger cell death 
(Fig. 6). The differential killing effect of noninfectious HIV- 
W-3 virions derived from different cell lines suggests that 
immunoregulatory proteins incorporated into the HIV virion, 
such as CD86, MHC-I, and MHC-II, may contribute impor- 
tantly to indirect mechanisms of HIV pathogenesis. 

DISCUSSION 

A hallmark of HIV infection is the functional impairment of 
CD4 + T lymphocytes that precedes an eventual decline in 



circulating CD4" T cells. The mechanism(s) behind this HIV- 
induced unresponsiveness or "energy" and eventual apoptosis 
of CD4" T cells remains unclear. Here we propose thai host 
cell-derived immunoregulatory proteins present in the enve- 
lope of noninfectious virions could impact HIV pathogenesis. 
Specifically, binding of gpl20 to CD4. virion-associated MHC 
molecules to TCRs, and virion-associated CD86 to CD28 on T 
lymphocytes could lead to T-cell activation, differentiation, 
anergy, or apoptosis. T cells normally require two signals to 
become fully activated. Signal one is Ag specific and is initiated 
by TCR binding to Ag-MHC complexes on the APC The 
second, or costimulatory, signal is generated by CD28 on the T 
cell binding to CD80 or CD86 on the APC (reviewed in ref- 
erence 19) We therefore determined whether HIV-1 virions 
or microvesicles incorporate CD80 or CD86. When a sensitive 
immunoprecipitation procedure was used, CD80 was detected 
on only 3 of 21 viruses derived from CD80-expressing cells 
whereas CD86 was detected on 17 of 21 viruses derived from 
CD86-expressins cells (Fig. 1, 2, 3, and 5). Additionally, virions 
and microvesicles derived from the Tl, T2, and TBLCL-CD4 
cells preferentially incorporated CD86 compared to CD80 
(Fig. 4 and 5), despite approximately equivalent levels of CD80 
and CD86 expression on the three cell lines (Table 3). These 
results suggest that CD86 is generally incorporated into bud- 
ding virions and microvesicles, whereas CD80 is generally ex- 
cluded. The molecular mechanisms behind the preferential 
incorporation of CD86 and exclusion of CD80 remain to be 
elucidated, but this phenomenon could be mediated by the 
cytoplasmic domains, which bear no similarity to one another 

The immunological significance of microvesicles enriched 
for MHC-I, MHC-II, and CD86 but not CD80 is also unclear. 
However, in some experiments, microvesicles have suppressed 
virus-specific T-cell responses (M. T. Esser, unpublished ob- 
servation). CD80 and CD86 do not simply play redundant roles 
in the immune system (19). Antibodies that bind CD86 block 
the development of Th2 T cells and can exacerbate inflamma- 
tion, whereas Abs that bind CD80 can reduce the seventy of 
inflammation in certain models of autoimmunity (24, 37). 
These and other studies raise the possibility that interactions 
with CD86 present on virions and microvesicles may help dif- 
ferentiate naive T cells into Th2-like effectors (11, 46). Inter- 
estingly, there is an increase in the percentage of CD86-ex- 
pressing CD4 + T lymphocytes in HIV-infected individuals (A. 
Valentin, personal communication). Microvesicles may be a 
mechanism the immune system uses to down-regulate ongoing 
inflammatory responses. HIV and other viruses may have ex- 
ploited this microvesicle secretion pathway as a way to enhance 
virion assembly and as a mechanism to suppress a T-cell- 
mediated immune response. 

Wc also undertook these studies in the hope of identifying a 
protein present on microvesicles that was not present on 
HIV-1 virions. As mentioned previously, microvesicles can be 
roughly the same size as HIV virions and band at the same 
density (1.13 to 1.16 g/ml) as HIV-1 virions in a sucrose gra- 
dient and are an inevitable contaminant of all HIV-1 prepara- 
tions (5, IS). Toward this end, we identified CD45 as a mole- 
cule that was present at high concentrations on microvesicles 
but was not detected on virions (Fig. 1, 2, 3, and 5), despite 
being the most highly expressed protein on all of the cells 
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FIG. 5. Profile of immu no regulatory molecules incorporated into 
HTV-1 virions produced from chronically infected continuous cell 
lines. Chronically infected cell lines were maintained in culture as 
described in Materials and Methods. Cell-free HIV- W 3 derived 
from the Tl, T2, TBLCL-CD4, and H9 cell lines was purified by 
sucrose density gradient ultracentrifugation. The purified virion prep- 
arations were "characterized for the presence of CD4, CD45, CD55, 
CD80, CD86, MHC-I, and MHC-II in the virion envelope. The data 
shown are representative of three separate experiments, each per- 
formed in triplicate. Error bars represent 1 standard deviation of the 
mean of triplicate measurements. *, P < 0.05; ** : P < 0.01; ***, P < 
0.001 (Student /-test significance of differences between experimental 
measurements and isotype control measurements). Microves., micro- 
vesicles. 



examined (Tables 1, 2, and 3). These results extend the findings 
of Nguyen and Hildreth that CD45 was not incorporated into 
HIV-1 RF derived from the Jurkat T-cell line (29). Importantly, 
the presence of CD45 on microvesicles but not on virions may 
provide a way in which to purify HIV-1 virions of contaminat- 
ing microvesicles. Microvesicle-free HIV-1 preparations would 
have practical applications for biochemical analyses. The abil- 
ity to remove microvesicles from purified virus preparations 
may also be advantageous for the production of inactivated 
HIV-1 vaccines. 

The mechanism(s) that determines which proteins are incor- 
porated into the budding HIV-1 virion is not well understood. 
The incorporation of immunoregulatory proteins into virions 
was not random, since some highly expressed proteins, like 
CD45, were excluded from virions while others, like MHC-II, 
appeared to be specifically incorporated (Fig. 1, 2, 3, and 5). 
Nguyen and Hildreth have proposed that HIV-1 buds selec- 
tively from glycolipid-enriched membrane domains called lipid 
rafts (29). Supporting this hypothesis, we found the lipid raft 
marker CD55 on T-cell-derived virions, suggesting that the 
T-cell-tropic virions budded from these rafts whereas the 
CD55-negative, M$-tropic virions may have budded via a dif- 
ferent mechanism. In this regard, it is worth noting that in 
H.IV-1-infected Mti> virions accumulate in intracellular vacu- 
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FIG 6 Virion-associated cellular molecules play a role in virion- 
triggered cell death. The effect of virion-associated, host cell-derived 
molecules in HIV pathogenesis was examined by using conformation- 
ally authentic, noninfectious HIV-1 virions. Noninfectious, Aldrithiol- 
^-inactivated virions ( P 24 CA equivalents at 50 ng/ml) or microvesicles 
(total protein at 10 u.g/ml) were used to pulse resting PBMC from a 
healthv HTV-seronegative donor. After 1.0 days, the PBMC were enu- 
merated for total cell numbers and percent viability by trypan blue 
analysis. The data shown are representative of three separate experi- 
ments Error bars represent 1 standard deviation of the mean of 
triplicate measurements. *, P < 0.05; **, P < 0.01; P < 0.001 
(Student /-test significance of differences between experimental mea- 
surements and PBS [control] measurements). 



oles and are rarely seen budding from the plasma membrane 
(32) whereas T-cell-derived viruses bud predominantly from 
the plasma membrane (22, 23). CD55 may be a useful marker 
with which to dissect the different pathways that M*-tropic 
and T-cell-tropic virions use to egress from an infected cell. It 
is also possible that HIV-l-encoded proteins directly bind to 
host cell proteins to facilitate their incorporation into the ma- 
ture virion. We have previously reported that a 43-amino-acid 
region in the cytoplasmic tail of gp41 is required for the effi- 
cient incorporation of MHC-II, but not MHC-I, into HIV-1 
virions derived from T-cell lines and PBMC (36). These results 
suggest that HIV-1 may have evolved to specifically incorpo- 
rate MHC-II into the virion as a mechanism of immune eva- 
sion. 

Regardless of the specific mechanism that HIV uses to in- 
corporate host cell-derived proteins, it is clear from the exper- 
iments with HIV-1 NL4 _ 3 _AT2 virions that host cell-derived pro- 
teins can dramatically affect viral pathogenicity (Fig. 6). The 
HLA-DR genotype of the Tl, T2, TBLCL-CD4, and H9 cell 
lines; the phenotype of the virion envelope; and whether the 
HIv'l NT 4_s.AT2 virions triggered cell death are summarized in 
Table 4. MHC-containing., Tl-derived virions triggered cell 
death, whereas MHC-negative, T2-derived virions did not (Fig. 
6 and Table 4), strongly suggesting that virion-associated MHC 
molecules contribute to HIV pathogenesis. Importantly, the 
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INCORPORATION OF CD80 AND CDSfi INTO HIV-1 VIRIONS 
TABLE 4. Virion-associated cellular proreins contribute to HIV-1 pathogenesis in vitro" 



Virion-associated cellular proteins 



6181 



Cell 



Cell rypc 


HLA-DRB1, 
DRB2 genorype 


Vims 
strain 


CD45 


CD55 


CD80 CD 86 


MHC-1 


MHC-11 death 


CEMXI74/T1 


0701, 0701 


NL4-3 




+ 


+ 
+ 




+ + 


CEMX174/T2 


None 


NL4-3 






+ 


+ 


+ + 


TBLCL-CD4 


1501, 1104 


NL4-3 




+ 




+ 




H9 


0400, 0400 


NL4-3 




+ 









O! rx-K sequcnLc-«,pci_iiiv pi.u...» b v . v 

, 0701. The presence (+) or absence (-) of the 



» The HLA-DR beta genotype of the Tl, T2. TdLaJL-CLM. ana m cc .» 1 """" ~; ^ n01 u „, . 1; , v ., ..... 

strand-strand conformation polymorphism (8) analyses. The HLA-DR genotype or in ™™r Virion-tri°eered cell death data from the experiment shown in 
immunoregulatory proteins on the HIV- virions produced from the four eel lines .B*wn- ^ , blue uptakc at day 10 of culture following 

Fig. 6 are summarized as either positive (+) or negative (-), with posiuvity defined as 30 h dead cells as aeterm j . i 
exposure to AT2-inactivated, noninfectious HfV-l NL4 .-,-A-n virions. 



Tl- and T2-derived virions differed only in MHC expression 
(Fig. 5 and Table 4) due to the fact that the T2 cell line has a 
deletion in chromosome 6 (44). Interestingly, AT2-inactivated 
NL4-3/H9 virions did not trigger cell death despite containing 
MHC-II (Fig. 6). This may have been due to the fact that 
H9-derived virions did not contain CD86, whereas the Tl- and 
TBLCL-CD4-derived virions did (Fig. 5 and Table 4), or it may 
have been due to the fact that the H9-derived virions contained 
HLA-DRp 0400, whereas the Tl-derived virions contained 
HLA-DRp 0701 and the TBLCL-CD4-derived virions con- 
tained HLA-DRp 1501, 1104 (Table 4). Future studies will 
determine whether the HLA-DR phenotype of the virus or the 
responder PBMC affects HIV-l-triggered apoptosis. 

Virion-associated MHC molecules could play several roles 
in HIV pathogenesis. The natural ligands for MHC-II are the 
TCR and CD4, and virion-associated MHC-II could enhance 
the avidity of the virion to increase infectivity as reported by 
Cantin et al. (6). Alternatively, virion-associated MHC-I and 
MHC-II could bind to TCRs on CD8 + and CD4 + T lympho- 
cytes, respectively, to trigger apoptosis. Because the ATI-in- 
activated virions were not infectious, our data favor the second 
interpretation. Noninfectious-virion-triggered cell killing is es- 
pecially relevant in the light of recent data from Lawn and 
Butera demonstrating that virions isolated from patient plasma 
during primary viremia did not contain MHC-II molecules 
whereas virions isolated late in infection or from patients with 
opportunistic infections contained high levels of MHC-II (26). 
Our current evidence supports the hypothesis that HIV has 
evolved specific strategies by which to acquire MHC-II as a 
way to thwart the host immune response. 

In summary, this study demonstrated that the incorporation 
of host cell proteins into virions and microvesicles was not 
random. HIV-1 infection of M4>, PBMC, and cell lines in- 
creased cell surface expression of MHC-II, and all of the vi- 
ruses examined incorporated MHC-II. CD86, but not CD80, 
was preferentially incorporated into both microvesicles and 
virions. CD45 was identified as a molecule that was highly 
expressed on microvesicles but excluded from virions. Studies 
with noninfectious HIV-1 NL4 . 3 _ AT2 virions revealed that host 
cell-derived proteins can dramatically affect the pathogenicity 
of HIV-1 virions. Dissection of the mechanisms by which HIV 
acquires host cell immunoregulatory proteins and the role viri- 
on-associated host cell proteins play in triggering cell death will 
advance our understanding of HIV pathogenesis. 
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permits stable gene transfer into non-rodent cells 
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Retroviral vectors are useful for efficient, stable and single copy 
transfer of foreign genes into animal cells. However, the low risk 
murine ecotropic vectors can only be used with rodent cells due to 
their restricted host range. When using cells from other species, in 
particular human, amphotropic retroviral vectors and the correspon- 
ding packaging cell lines are required. Given the wide host range of 
these vectors, they are classified as higher biological risk and high 
biological containment (L2 or even L3) is mandatory in many 
countries. To reduce the risk to the experimenter while working with 
non-rodent cells, we considered a strategy based on transient 
expression of the recently cloned murine ecotropic retrovirus 
receptor (l ) to allow the use of safer murine retroviral vectors. 

Murine retroviruses enter target cells by interaction of the viral 
envelope glycoprotein with a specific cell-surface receptor, a basic 
amino acid transporter (2,3). The retroviral host range is determined 
by the species- and/or tissue-specific expression of the appropriate 
receptor. To extend the host range of the rodent-specific Moloney 
murine leukemia virus we transiently transfected the expression 
vector for the virus receptor, pJET (I), into endometrial epithelial 
cells from rabbit, RBE7 (4), or human, Ishikawa (5), via the 
calcium phosphate precipitate technique. Transfection efficiencies 
of 5-10% were reached as determined by co-transfection of a 
RSV-LacZ vector followed by cytochemical staining for (J-galao 
tosidase activity. Following removal of the precipitate, 16 h after 
transfection, the cells were co-cultivated with the packaging cell 
line psi2 expressing v-Ha-ra? and the neo gene as described (6). 
After 3-5 days of exposure to high virus titres (1$ c.f.u./ml), the 
cells were selected for 4-6 weeks on G418 and the number of 
transformed clones was counted. Whereas in mock transfected 
cells no foci were detected, a large number of foci was generated 
in cells transfected with the murine ecotropic vector prior to 
infection. The number of foci obtained with 1 X 10 6 cells was in 
the range of 400 for RBE7 cells and 50 for Ishikawa cells. These 
transformation efficiencies are within the range obtained with a 
rat cell line of endometrial origin, RENT4 (6), infected with the 
same protocol. Southern blot analysis of five independent RBE7 
foci demonstrated single copy retroviral integration (Fig. IB). 
Homogeneous expression of the v-Ha-rar oncogene was demon- 
strated by immunofluorescence with anti Ha-ray antibodies, 
which decorated the cytoplasm only in transformed cells but not 
in control cells (Fig. 2). 
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Figure 1 . Southern blot analysis of integrated recombinant retrovirus sequences 
in isolated transformants. Genomic DNA (IS fig) was digested with BamHl, 
fractionated on a 1 2% agarose gel, transferred to nitrocellulose and hybridized 
with a 32 P-labeIled v-Ha-ros probe (6). Lanes 1-5: DNA from independent 
G418 resistant transformants. Control and lanes lx ras, 2x ras and 5x ras 
contain RBE7 DNA supplemented with 0, 35, 70 and 175 pg of Zip-ras-6 
plasmid (7) respectively, corresponding to 0, 1,2 and 5 copies per haploid 
genome. 




figure 2. Immunofluorescence staining of a v-Ha-ray transformant clone (+ ras) 
compared with the uninfected RBE7 cell line (-). A combination of anti-v-Ha- 
ras monoclonal antibody (Dianova) and anti-rat-IgG FTTC conjugate (Sigma) 
was used. V-Ha-ray expressing cells are uniformly stained, whereas RBE7 cells 
show only unspecific nuclear staining. 



These results show that rabbit and human cells can be stably 
transformed with murine retrovirus as efficiently as rodent cells, 
simply by transient transfection of the murine ecotropic retrovirus 
receptor. This relatively simple and safe procedure could replace the 
hazardous use of amphotropic retroviral vectors and thus increase 
the safety of gene transfer procedures. This aspect could be 
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particularly relevant in the context of human gene therapy as it 
would reduce the biological containment measurements required 
in hospital laboratories. Moreover, this technique could be used for 
the establishment of stable cell lines from primary cells of 
non-rodent origin. The basic principle could be extended to the use 
of other viral vectors which surface receptors have been cloned. 
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Contributed by David Baltimore, June 15, 2006 

We have developed an efficient method to target lentivirus- 
mediated gene transduction to a desired cell type. It involves 
incorporation of antibody and fusogenic protein as two distinct 
molecules into the lentiviral surface. The fusogen is constructed by 
modifying viral envelope proteins, so that they lack the ability to 
bind to their cognate receptor but still retain the ability to trigger 
pH-dependent membrane fusion. Thus, the specificity of such a 
lentiviral vector is solely determined by the antibody, which is 
chosen to recognize a specific surface antigen of the desired cell 
type. This specific binding then induces endocytosis of the surface 
antigen, bringing the lentivirus into an endosome. There, the 
fusogen responds to the low pH environment and mediates mem- 
brane fusion, allowing the virus core to enter the cytosol. Using 
CD20 as a target antigen for human B cells, we have demonstrated 
that this targeting strategy is effective both in vitro and in intact 
animals. This methodology is flexible and can be extended to other 
forms of cell type-specific recognition to mediate targeting. The 
only requirement is that the antibody (or other binding protein) 
must be endocytosed after interaction with its cell surface-binding 
determinant. 

antibody | gene therapy J lentivirus | retrovirus | targeted gene delivery 

Gene therapy is the introduction of a functional gene into a 
target cell to provide a therapeutic advantage (1). A particu- 
larly desirable gene therapy protocol would be to precisely deliver 
a gene of interest to specific cells or organs in vivo by means of 
administration of a designed gene delivery vehicle. Certain viruses 
are natural gene delivery systems, and much effort has been focused 
on engineering viral vectors as gene transfer vehicles (1, 2). Among 
these vectors, ones derived from oncoretroviruses and lentiviruses 
exhibit promising features because they have the ability to produce 
stable transduction, maintain long-term transgene expression and, 
for lentiviruses, to transduce nondividing cells. Targeting such 
viruses to particular cell types has proved to be challenging. We 
report here a general methodology that allows such targeting, even 
in vivo, and that is remarkably flexible. 

Many attempts have been made to develop targetable transduc- 
tion systems by using retroviral and lentiviral vectors (3, 4). Signif- 
icant effort has been devoted to altering the envelope glycoprotein 
(Env), the protein that is responsible for binding the virus to cell 
surface receptors and for mediating entry. The plasticity of the 
surface domain of Env allows insertion of ligands, peptides and 
single-chain antibodies (5-14) that can direct the vectors to specific 
cell types. However, this manipulation adversely affects the fusion 
domain of Env, resulting in low viral titers. The unknown and 
delicate coupling mechanisms of binding and fusion make it ex- 
tremely difficult to reconstitute fusion function once the surface 
domain of the same molecule has been altered (4). Another 
approach involves using a ligand protein or antibody as a bridge to 
attach the virus to specific cells (15-18). The challenge to this 
approach is that the Env, once complexed with the one end of the 
.bridge molecule, fuses inefficiently. Because no practical strategies 
are available for targeted in vivo gene delivery, current gene therapy 
clinical trials are based on in vitiv transduction of purified cells 



followed by infusion of the modified cells into the patient. This is 
an expensive procedure, with significant safety challenges. 

Our strategy involves uncoupling the target cell recognition 
function from "the fusion function by providing them in separate 
proteins For recognition, we use antibodies, and, for fusion, we use 
a viral glycoprotein that has been mutated to inactivate its binding 
ability We make lentiviral vectors that incorporate both molecules 
into their surface. Our working hypothesis was that the antibody 
should recognize a molecular constituent on the target cell mem- 
brane and attach the lentivirus to the cell surface (Fig. 5, which is 
published as supporting information on the PNAS web site). 
Antibody binding should then induce endocytosis, bringing the 
lentivirus into an endosome. There, the fusogenic molecule (FM) 
should respond to the low pH environment and trigger membrane 
fusion allowing the virus core to enter the cytosol. After reverse 
transcription and migration of the product to the nucleus, the 
genome of the vector should integrate into the target cell genome, 
incorporating the vector's transgene into the cell's inheritance. 

Results 

Construction of pH-Dependent Fusogen. Effective FMs for the pro- 
posed svstem should be able to incorporate into the lentivirus 
envelope and induce membrane fusion at low pH, independent of 
receptor binding. There are two classes of such FMs (19). The class 
I fusogens trigger membrane fusion using helical coiled-coil struc- 
tures whereas the class II fusogens trigger fusion with 0 barrels. 
These two structures have different mechanics and kinetics (19), 
and both were evaluated to determine which would be better for the 
promotion of infection. One class I fusogen, HA from influenza 
A/fowl plague virus/Rostock/34 (FPV), was previously found to 
pseudotype murine leukemia virus (MLV) (20). Cannon and 
coworkers (21) created a binding defective version of FPV HA 
designated as HAmu (Fig. L4). When incorporated into MLV 
displaying a functionally attenuated envelope glycoprotein, HAmu 
could enhance viral transduction efficiency (21). HAmu-mediated 
fusion is thought to be independent of receptor binding (3). The 
class II FM that we tested was the Sindbis virus glycoprotein from 
the alphavirus family (22) and is designated as SIN. SIN consists of 
two transmembrane proteins (23), one responsible for fusion (El) 
and the other for cell binding (E2). SIN is known to pseudotype 
both oncoretroviruses and lentiviruses. By inserting the IgG- 
binding domain of protein A (ZZ domain) into the E2 protein and 
making several additional mutations to inactivate the receptor- 
binding sites, Chen and coworkers (16) made a binding-deficient 
and fusion-competent SIN. We adapted this form of SIN but 
replaced the ZZ domain with a 10-residue tag sequence, for which 
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there exists a monoclonal antibody that allows monitoring of SIN 
expression; we designated it SINmu (Fig. 1C). 

Construction of Membrane-Bound Antibody for Targeting. The anti- 
body that we have chosen for targeting in this study is the anti- 
human CD20 antibody (aCD20), a version of which is currently 
being used in the treatment of B cell lymphomas. We generated a 
construct that encodes a mouse/human chimeric anti-CD20 anti- 
body with the human membrane-bound IgG constant region 
(p«CD20). Genes encoding human Igc* and Ig/3, the two associated 
proteins that are required for surface expression of antibodies, were 
cloned into a construct designated pIga/3. 

Preparation of Recombinant Lentivira! Vectors. The production of 
lentiviruses enveloped with both anti-CD20 antibody and the . 
candidate FM was achieved by cotransfection of 293T cells with the 
lentiviral vector FUGW, plasmids encoding viral gag, pol, and rev 
genes, paCD20, plgajS and pFM (the plasmid encoding a FM, 
either HAmu or SINmu), by using a standard calcium phosphate 
precipitation method (24). FUGW is a self-inactivating and repli- 
cation-incompetent lentiviral vector that carries the human ubiq- 
uitin-C promoter driving a GFP reporter gene (25). As a control, 
the Env derived from vesicular stomatitis virus ( VSVG) was used 
as a joint recognition and fusion protein. FACS analysis of the 
transfected ceDs showed that virtually all expressed some level of 
GFP as an indicator of the presence of the viral vector (Figs. 1 B and 
D Upper). Some 30% of GFP-positive cells coexpressed HAmu and 
«CD20 on the cell surface (Fig. IB Lower). A slightly smaller 
percentage (-20%) of the 293T cells exhibited coexprcssion of 
GFP, SINmu, and aCD20 (Fig. ID). The resultant viruses from 

11480 | www.pnas.org/cgi/doi/10.1073/pnas.0604993103 



these transfected production cells were designated FUGW/ 
a CD20+HAmu and FUGW/c*CD20+ SINmu. 

Coincorporation of Fusogen and Antibody into Lentiviral Vectors To 

examine whether aCD20 and the FM were incorporated in the 
same virion, we performed a virus-cell binding assay. As a target, 
we made a 293T cell line stably expressing the CD20 protein antigen 
P91T/CD20; Fig. 2A). The parental cell line 293T served as a 
negative control. The viral supernatants were incubated with the 
target cells at 4°C for half an hour. Hie resultant binding was 
assayed by means of a three-staining scheme (Fig. 2B) *AU> 
analysis showed that lentivectors bearing aCD20 were in fact able 
to bind to CD20-expressing 293T cells (Fig. 2C Upper). The xontrol 
of ->93T cells with no CD20 expression displayed no detectable 
aCD20, showing that the virus binding to cells must be due to a 
specific interaction between the cell surface CD20 antigen and the 
viral surface aCD20 molecule. In another control, the virus bearing 
only FM exhibited no ability to bind either cell line mdicatmg that 
the HAmu and SINmu did lack the capacity for cell binding (L. Y., 
LB DB and P.W., unpublished work). FACS analysis also 
showed "that the virus bound to the 293T/CD20 cell surface 
displayed the FMs (Fig. 2C Lower), suggesting that both «CD2U and 
FM were incorporated on the same virion, which ^ ^^s further 
confirmed by FACS plots of *CD20 versus FM (Fig. 2D). In 
addition to codisplay, these results suggest that the presence of the 
FM does not affect the aCD20 binding to CD20. 

Targeted Transduction of Lentiviral Vectors to Cell Line in Vitro. We 

next examined whether «CD20-bearing virus can transfer genes 
into cells expressing CD20 in a cell-specific manner. GFP 
expression was used to measure the transduction efficiency. 1 he 
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supernatants containing lentivectors bearing various surface 
proteins were incubated with CD20-expressing target cells, and 
293T cells served as a control. Four days posttransductton, the 
efficiency of targeting was analyzed by FACS. Fig. IA (rightmost 
image) shows that FUGW/aCD20+HAmu viral particles could 
specifically transduce 16% of 293T/CD20 cells. Images to the 
left show that transduction required the presence on the virions 
of HAmu. but there was some background transduction with 
virions lacking aCD20, likely because of residual weak binding 
of HAmu to its ligand, sialic acid. The titer for FUGW/ 
orCD204HAmu (fresh viral supernatant, no concentration) was 
estimated to be -1 X 10 5 transduction units (TU)/ml; the titer 
was determined by the percentage of GFP + cells in the dilution 
ranges that showed a linear response. The 293T cells showed a 
small background infection level but no specific transduction by 
FUGW/aCD20+HAmu (Fig. IA Lower). When SINmu was 
used as the fusion protein, substantial enhancement of specific 
transduction was observed (52%; Fig. 35). The titer for FUGW/ 
aCD20+SINrmi was estimated to be -1 X 10 6 TU/ml. Also, we 
detected a much lower transduction in the absence of the binding 
protein (~1%). Thus, the data in Fig. W show that SINmu is a 
better fusion protein to partner with «CD20 for targeting 
lentiviral vectors. When we monitored the transduction at 
various time points using FACS, we found that SINmu- 
containing virions exhibited faster transduction kinetics than 
those with HAmu (L.Y., L.B., D.B., and P.W., unpublished 
work). Both FUGW/arCD20 + HAmu and FUGW/ 
aCD20+SINmu could be concentrated by ultracentrifugation 
with a >90% recovery rate, which is important for in vivo 
application. . 

To assess whether aCD20 and the fusion protein (HAmu or 
SINmu) had to be incorporated into the same viral particle, and 
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therefore functioned in cis to mediate ^^° n ' we mixe ^ 
FUGW/aCD20 with FUGW/HAmu or FUGW/ SINmu each 
displaying only one protein, and tested their transduction of 29 jT/ 
CD20 cells This procedure did not result in specific transduction, 
indicating that the specific transduction conferred by the engi- 
neered recombinant viruses requires the two proteins to be dis- 
played on the same viral particle. 

Antibody-Antigen Interaction Responsible for Targeted Transduction. 

It seems that two distinct proteins can carry the binding and fusion 
events of engineered lentiviruses for targeted transduction. To 
further confirm that the specificity we observed was a consequence 
of interaction between aCD20 and CD20, we transduced 29^T/ 
CD20 cells in the presence of anti-CD20 blocking antibody As 
expected, a dramatic decrease of infectivity was detected for both 
FUGW/aCD20+HAmu (L.Y., L.B., D.B., and P.W., unpublished 
work) and FUGW/aCD20+ SINmu (Fig. 3D), suggesting the 
essential role of antibody-antigen binding for the targeted 
transduction. 

Confirmation of pH Dependence of Fusogen. To examine the require- 
ment for a low pH comparment to allow the recombinant lentivec- 
tors to penetrate into cells, we incubated both FUGW/ 
«CD20+HAmu and FUGW/ aCD20+ SINmu with 293T/CD20 
cells in the absence or presence of ammonium chloride (NH^CIJ, 
which can neutralize acidic endosomal compartments. Addition of 
NH 4 C1 to cells completely abolished transduction by either 
FUGW/ctCD20+HAmu (L.Y., L.B., D.B., and P.W, unpublished 
work) or FUGW/aCD20+ SINmu (Fig. 3E). These results are 
consistent with the low pH requirement of HA and SIN to trigger 
membrane fusion. More direct evidence for pH-dependent fusion 
was provided by a cell-cell fusion assay. 293T cells expressing GFP, 
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Fig. 3. Targeting of lentivectors bearing both antibody and fusion protein to 
293T/CD20 cells in vitro. (A) 293T/CD20 cells (2 x 10 s ) were transduced with 500 
fA of fresh unconcentrated FUGWArCD20 (no HAmu). FUGW/HAmu (no nrCD20), 
or FUGW/oCD20+HAmu. 293T cells (no expression of CD20) were included as 
controls. The resulting GFP expression was analyzed by FACS. The specific trans- 
duction titer for FUGW/«CD20 + HAmu was estimated to be ~ 1 x 1 0 5 TU/ml. (fl) 
A similar transduction experiment was performed by using unconcentrated 
FUGW/SINmu {no «CD20) or FUGW/aCD20-rSINmu. For comparison of targeting 
specificity, cells were also transduced with FUGW/HAmu. The specific transduc- 
tion titer for FUGW/aCD20+SINmu was estimated to be ~1 x 10 6 TU/ml. (Q 
Evidence of pH-dependent fusion of HAmu and SINmu by a cell-cell fusion assay. 
293T cells (0.1 x 10 6 ) transiently transfected to express GFP and surface aCD20 
and fusion protein (either HAmu or SINmu), and 293T/CD20 cells were mixed 
together, washed once with normal PBS (pH 7.4), and incubated in low pH PBS (pH 
5.0) or normal pH PBS (as a control) for half an hour at 37'C. The cells were then 
washed and cultured in the regular medium for 1 day. Cells were visualized by 
epifluorescence microscope equipped with a GFP filter set. (D and f) Effect of 
addition of soluble t*CD20 (O) or NH„CI (£). tvCD20 or NH 4 CI was added into viral 
supernatants during transduction for 8 h. Then, the supernatants were replaced 
with fresh medium. The cells were analyzed for GFP expression after 2 days. 
Isotype-matched antibody was used as a control for D. 



surface aCD20, and FM were incubated with 293T/CD20 cells in 
a low-pH buffer for half an hour, followed by culturing in regular 
medium Both HAmu and SINmu induced cell-cell fusion by 
forming multinucleated polykaryons (Fig. 3C). The interaction 
between aCD20 and CD20 dramatically enhances the probability of 
fusion, because a similar experiment with cells that lacked aCD20 
and CD°0 yielded a much lower level of fusion (L. Y., L.B., D.B., 
and P W.. unpublished work). The «CD20/CD20 interaction prob- 
ably brings the cell membranes into close apposition, facilitating the 
action of the fusion protein. 

Targeted Transduction of Lentiviral Vectors to Primary B Cells. Having 
established the ability of the system to mediate CD20-specific 
transduction of artificially created cell lines, we next investigated the 
possibility of specific transduction of primary human B-hymphoid 
cells cells that naturally carry the CD20 antigen. Fresh, unfrac- 
tionated human peripheral blood mononuclear cells (PBMCs) were 
transduced with FUGW/aCD20+ SINmu and then stimulated with 
LPS to expand the B cell population. Four days later, the cells were 
stained for CD19 (a B cell marker)., CD20, and GFP expression 
(Fig 44) We found that >35% of cells were CD20 + B cells under 
our culture condition. When we gated on CD2CT B cells, the 
majority of them were GFP + . On the contrary, virtually no GFP 
cells were detected when we gated on CD20 non-B cells, con- 
firming that the transduction was strictly dependent on CD20 
expression. In another control experiment, fresh PBMCs were 
transduced with FUGW/aCD20+ SINmu followed by stimulation 
with phorbol 12-myristate 13-acetate (PMA) and lonomycin to 
expand Tcells. FACS analysis of these T cells showed no expression 
of GFP (Fig. 6, which is published as supporting information on the 
PNAS web site), confirming transduction specificity. 

To demonstrate that the targeting method is not limited to the 
lentiviral vector FUGW, we evaluated two additional lentiviral 
vectors with different promoter configurations. Kohn and co- 
workers (26) have incorporated the Ig heavy chain enhancer 
(Ell) with associated matrix attachment regions into lentivectors 
carrying either the human cytomegalovirus (CUV) promoter 
(CCMV) or the murine phosphoglycerate kinase promoter 
(CPGK) We adapted these two lentiviral vectors into our system 
and prepared recombinant lentiviruses CCMV /aCD20+ SINmu 
and CPGK/aCD20+ SINmu. Transduction of PBMC-denved B 
cells with these viral supernatants exhibited results similar to 
those observed previously with FUGW (Fig. 4A). 

Targeted Transduction of Recombinant Lentiviral Vectors in Vivo. The 

real test of this system is whether it will mediate specific transduc- 
tion in vivo For this purpose, we used a human PBMC xenograft 
in a mouse model. Fresh human PBMCs (100 X 10 6 per mouse) 
were transferred into irradiated immunodeficient RAG2 y c 
mice through a tail vein injection. Engineered lentiviruses bearing 
aCD20 and SINmu were administered through the tail vein 6 h 
after human cell transfer. After 2 days, we collected the whole blood 
from these mice, and the cells were analyzed for surface antigens 
and GFP expression. Approximately 30-40% of the cells recovered 
from the mice were human T cells (CD3 + ), and -0.1-0.3% were 
CD20 + human B cells (Fig. 4B). Three populations were analyzed 
for GFP expression: CD20+, CD3+, and CD20-CD37. None of the 
cells harvested from mice injected with virus bearing a control 
antibody and SINmu (FUGW/b 12+ SINmu) showed evidence of 
GFP expression in any of the three populations (Fig. 4B). In 
contrast, GFP expression was observed in at least 40% of the 
CD20 + ' cells isolated from mice injected with FUGW/ 
aCD20+ SINmu whereas no transduction was detected in the other 
two populations. 

Discussion 

This demonstration of targeting efficient gene delivery vehicles 
strictly to the desired cell types in vivo greatly enhances the 
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Fig. 4. Targeting CD20~ human primary B cells In vitro and 
in vivo using engineered lentivectors. (A) Fresh, unfraction- 
ated human PBMCs (2 x 10 6 ) were transduced by coculturing 
with concentrated FUGW/aCD20-f-SINmu, CCMV/ 
aCD20+SINmu. or CPGK/aCD20-«-5INmu (10 x 10 6 TU). LP5(50 
^g/ml) was added into the culture media for B cells to survive 
and grow. After 2 days, the B cell population was identified by 
costaining of CD19 and CD20. Solid line, analysis on trans- 
duced cells; shaded area, analysis on cells without transduc- 
tion (as a control). (B) Fresh human PBMCs were transferred 
into irradiated RAG2-'-*-'- mice (100 x 10* per mouse) via 
tail vein injection. Six hours later, concentrated virus (100 x 
1 0 6 TU per mouse) was injected through the tail vein. Two days 
later whole blood was collected from these mice via heart 
puncture, and the cells were stained for human CD3 and CD20 
and then analyzed by FACS for GFP expression. Shaded area, 
no virus treatment; dashed line, treated with FUGW/ 
b12-^SINmu; solid line, treated with FUGW/«CD20+SINmu. 



therapeutic potential of lentivirus-mediated gene therapy and 
alleviates concerns of off-target effects. Possibly the most important 
implication of the work is that gene therapy could now be carried 
out as an inexpensive procedure, able to be considered even in the 
less-developed world. 

In our approach, we break up the binding and fusion 
functions into two separate molecules that are inserted into the 
viral envelope. This methodology is particularly easy with 
lentiviruses (or other retroviruses) because these viruses 
readily incorporate into their envelope whatever proteins are 
found on the surface of producing cells (27). Other viruses 
have surfaces with many close-packed viral glycoproteins and 
exclude cellular proteins. A major advantage of this scheme 
over others where the viral protein is engineered with a foreign 
binding component is that the fusion protein maintains its full 
biological activity so that viral titer is not killed for increased 
specificity. The other key to the method is choosing a viral 
glycoprotein that mediates fusion in response to low pH and 
a cellular receptor that is efficiently endocytosed after anti- 
body binding. The fusion molecule must exhibit fast enough 
kinetics that the viral contents can empty into the cytosol 
before the degradation of the viral particle. Our choice of 
CD20 as a target was arbitrary. We have already extended the 
method to other antibodies and cell surface receptor-Iigand 
pairs. 5 We envision that the flexibility (easy combination of 



*We have observed that this method can be exploited to target dendritic cells using a 
membrane-bound monoclonal antibody against the DEC-205 receptor. In addition, we 
found that incorporation of a membrane-bound form of stem cell factor could target 
c-krt-positive cells. 



antibody, or other binding protein, and fusiogemc molecule) 
and broadness (availability of monoclonal antibodies or li- 
gands for many endocytosed cell-specific surface molecules) of 
this method will facilitate the application of targeted gene 
delivery for therapy and research. 

Materials and Methods 

Construct Preparation. The cDNAs of the human k light chain 
constant region and the membrane bound human IgGl constant 
region were amplified and inserted downstream of human CMV 
and EFlapromoters, respectively, in the P BudCE4.1 vector (In- 
vitrogen). We cloned the light and heavy chain variable regions 
from the murine anti-CD20 antibody (clone 2H7) using PCR 
amplification and inserted them directly upstream of the corre- 
sponding constant regions. The resulting construct was designated 
paCD20. We cloned cDNAs of human Iga and Ig0 into the 
P BudCE4.1 vector (Invitrogen) to yield plgafl. 

P Cannon (University of Southern California and Childrens 
Hospital, Los Angeles) was kind enough to provide us with the 
construct encoding HAmu (21). We obtained the cDNA for 
wild-type SIN from J. Strauss's laboratory at the California Institute 
of Technology. PCR mutagenesis and assembly were used to 
generate the mutant SIN as described by Chen and colleagues (16), 
except a 10-residue tag sequence (MYPYDVPDYA) replaced the 
ZZ domain of protein A, which is located between amino acids 71 
and 74 of the E2 glycoprotein of SIN. This version of SIN is 
designated SINmu. 

Virus Production. Lentivectors were generated by transacting 293T 
cells by using a standard calcium phosphate precipitation technique 
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(24). 293T cells (~80% confluent) in 6-cm culture dishes were 
transfected with the appropriate lentiviral vector plasmid (5 jig), 
toaether with 2.5 each of poCD20, plgaj3. and the packaging 
vector plasmids (pMDLg/pRRE and pRSV-Rev) (28). The viral 
supernatant* were harvested 48 and 72 h after transfection and 
filtered through a 0.45-jim pore size filter. 

To preparehigh-titer lentivectors, the viral supern at ants were 
concentrated by using ultracentrifugation (Optima L-80 R pre- 
parative uitracentrifuge, Beckman Coulter) for 90 min at 
50,000 x g. Particles were then resuspended in an appropriate 
volume of cold PBS. 

Cell Line Construction. The 293T/CD20 cell line was generated by 
stable transduction via vesicular stomatitis virus (VSVG)- 
pseudotyped lentivector. The cDNA of human CD20 was cloned 
downstream of the human ubiquitin-C promoter in the lentivector 
plasmid FU W to generate FUW-CD20. The lentiviral vector FUW- 
CD20 was then pseudotyped with VSVG and was used to transduce 
293T. The resulting cells were subjected to cell sorting to obtain a 
uniform population of CDKT cells designated 293T/CD20. 

Virus-Cell Binding Assay. Cells (293T/CD20 or 293T, 0.1 X 10 6 ) 
were incubated with 500 /xl of viral supernatant at 4°C for half an 
hour and washed with 4 ml of cold PBS. The cells were then stained 
with the following three antibodies: an anri-human IgG antibody 
(BD PharMingen) to stain c*CD20, an anti-human CD20 antibody 
(BD PharMingen) to stain CD20, and an anti-FPV HA polyclonal 
antibody (obtained from H.-D. Klenk, Institute of Virology, 
Philipps University, Marburg, Germany) to stain HAmu, or an 
anti-tag antibody (Roche Applied Science, Mannheim, Germany) 
to stain SINmu. After staining, cells were analyzed by FACS 
analysis. 

Targeted Transduction of 293T/CD20 Cells in Vitro. 293T/CD20 cells 
(0.2 x 10 6 per well) or 293T cells (0.2 X 10 6 per well) were plated 
in a 24-well culture dish and spin-infected with viral supernatants 
(0.5 ml per well) at 2,500 rpm, 30°C for 90 min by using a Beckman 
Allegra 6R centrifuge. Then, the medium was removed and re- 
placed with fresh medium and incubated for a further 3 days at 37°C 
with 5% C0 2 . The percentage of GFP + cells was determined by 
FACS. The transduction titer was measured in dilution ranges that 
exhibited a linear response. 

Effects of Soluble Antibody and NH 4 CI on Viral Transduction. 293T/ 
CD20 cells (0.2 X 10 6 ) and 0.5 ml of viral supernatants were 
incubated for 8 h in the absence or presence of graded amounts of 
aCD20 (BD PharMingen) or NH4CI. The medium was replaced 
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with fresh medium and incubated for another 2 days at 37°C with 
5% C0 2 . FACS analysis was used to quantify transduction 
efficiency. 

Cell-Cell Fusion Assay. 293T cells (0.1 X 10 6 ), transiently transfected 
to express GFP. surface aCD20, and fusion protein (either HAmu 
orSINmu) and 293T/CD20 cells (0.1 X 10*) were mixed together, 
washed twice with normal PBS (pH 7.4), and incubated in 150 
of low pH PBS (pH 5.0) or normal pH PBS (pH 7.4) (as a control) 
for half an hour at 37°C with 5% CO.. The cells were then washed 
extensively and cultured in the regular medium for 1 day. Cells were 
visualized by an epifluorescence microscope equipped with a GFP 
filter set. 

Targeted Transduction of Primary Human B Cells in Vitro. Fresh, 
unfractionated human PBMCs (2 ; x 10 6 ) (AllCells) were incubated 
with concentrated virus with total TUs of 10 X 10* (based on the 
titer on ->93T/CD20 cells). LPS (50 vg/m\) was then added for B 
cells to survive and grow. After 2 days, cells were harvested and 
washed in PBS. B cell population was determined by FACS staining 
usin* anti-human CD20 and CD19 antibodies. Targeting transduc- 
tion was quantified by gating on the different populations of cells 
and measuring their GFP expression. 

Targeted Transduction of Primary Human B Cells in Vivo. RAG2 - ' 
_ y -l- female mice (Taconic) of 6-8 weeks old were given 360 rad 
whole-body irradiation. On the following day, 100 x 10 6 fresh 
human PBMCs (AllCells) were transferred by tail vein injection 
into each mouse. After 6 h 5 concentrated virus (100 X 10* TU per 
mouse) or PBS (as control) was administered via the tail vein. Two 
days later whole blood was collected from these mice via heart 
puncture and the cells were stained for human CD3 and CD20 and 
Then analyzed by FACS for CD3, CD20, and GFP expression. The 
mice were maintained on the mixed antibiotic sulfmethoxazole and 
trimethoprim oral suspension (Hi-Tech Pharmacal) in a sterile 
environment in the California Institute of Technology animal 
facility in accordance with institute regulations. 
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